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The  investigation  reported  here  is  a  continuation  of  our  studies  of  ad- 
sorption of  gases  and  vapors  by  silica  gel.  In  Gottingen  with  Zsigmondy 
the  adsorption  of  ammonia,  sulfur  dioxide  and  carbon  dioxide  of  silica 
gel  was  studied.  Since  then  many  improvements  in  experimental  tech- 
nique have  been  introduced,  as  well  as  radical  modifications  of  the  theo-  . 
retical  treatment  of  the  experimental  results.  The  experimental  method 
and  an  outline  of  our  theoretical  views  have  been  given  in  a  paper  dealing 
¥nth  the  adsorption  of  sulfur  dioxide.^ 

The  adsorption  of  ammonia  was  studied  for  a  number  of  reasons.  In 
the  first  place,  this  gas,  in  the  measurements  made  in  Gottingen,  was 
found  to  be  more  strongly  adsorbed  than  sulfur  dioxide  although  the 
latter  exhibits  a  higher  critical  temperature.  In  the  second  place,  our 
previous  measurements  indicated  4hat  the  behavior  of  ammonia  was 
anomalous  from  the  standpoint  of  the  rate  at  which  equilibrium  was 
reached.  Again,  ammonia  is  extremely  soluble  in  water  and  it  was  there- 
fore hoped  that  by  a  careful  study  of  its  adsorption  by  silica  gel,  light 
would  be  thrown  on  the  question  as  to  the  nature  of  the  small  amotmt 
of  water  that  is  always  associated  with  the  gel.  Furthermore,  in  am- 
1  MacGavack  and  PAtrick,  Tms  Journai.,  42,  946  (1920). 
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monia  we  have  a  gas  that  has  been  the  subject  of  numerous  careful  in- 
vestigations, and  as  a  result  the  physical  constants,  such  as  vapor  pres- 
stu^,  density  and  surface  tension,  are  very  accurately  known.  This  latter 
point  is  especially  important  inasmuch  as  a  knowledfge  of  the  above  con- 
stants is  necessary  for  the  testing  of  our  theoretical  views  as  to  the  course 
of  the  adsorption. 

In  the  following  measurements  of  the  adsorption  of  ammonia  by  silica 
gel,  it  will  be  shown  that  this  gas  is  not  anomalous  in  its  behavior,  either 
from  the  standpoint  of  the  extent  or  the  rate  of  the  adsorption,  the  earlier 
discrepancies  being  due  to  the  uncertain  water  and  add  content  of  the 
gel.  Especial  study  was  made  of  the  influence  of  the  water  content  of 
the  gel  on  the  adsorption/  and  it  was  found  that  small  differences 
produced  large  variations  in  the  adsorptive  ability  of  the  material. 

Apparatus. — ^The  experimental  method  has  been  described  in  detail 
by  MacGavack  and  Patrick.^  To  give  an  idea  of  the  precision  attained, 
it  may  be  stated  that  the  volume  of  ammonia  was  measured  to  within 
0.005  cc.,  the  pressure  to  within  0.03  mm.,  and  the  temperature  of  the 
thermostat  regulated  so  as  not  to  vary  more  than  0.05**. 

Material. — ^The  ammonia  used  was  purified  liquid  ammonia.  Com- 
mercial ammonia  was  treated  with  metallic  sodium  for  one  week,  and 
the  accumulated  gas  allowed  to  escape  at  intervals  of  12  hours.  The 
purified  sample  was  tested  by  allowing  a  small  stream  of  the  gas  to  bubble 
into  sulfuric  acid  contained  in  a  gas  buret  for  10  minutes;  as  no  residue 
was  shown  by  this  procedure  it  was  assumed  that  the  ammonia  was  free 
from  permanent  gases. 

The  silica  gel  was  an  ordinary  commercial  sample  that  was  further 
purified  by  treatment  with  nitric  acid  and  a  thorough  washing  with  dis- 
tilled water.  When  dried  in  a  vacuum  of  1  to  5  mm.  at  a  temperature 
-of  300°  for  3  hours  the  gel  still  contained  5.21%  of  water,  and  further- 
more an  appreciable  amount  of  nitric  acid,  to  which  reference  will  be 
made  later. 

Procedure. — The  adsorption  apparatus  was  evacuated  by  means  of 
a  rotary  oil  pump  and  a  Gaede  mercury  pump,  connected  in  series.  Before 
any  gel  was  put  into  the  adsorption  bulb,  the  apparatus  was  thoroughly 
evacuated  and  then  swept  out  with  ammonia  and  evacuated  again  until 
the  MacLeod  gage  showed  no  pressure  after  standing  under  a  vacuum 
for  48  hours.  The  gel  was  weighed  in  the  adsorption  bulb,  which  was 
then  directly  attached  to  the  apparatus  by  means  of  a  ground  joint,  and 
sealed  by  mercury.  The  piunps  were  always  started  before  the  stopcock 
between  the  adsorption  bulb  and  the  main  apparatus  was  opened,  so  that 
the  air  in  the  bulb  would  have  less  chance  to  become  adsorbed  on  the  walls 
of  the  apparatus.  The  heating  of  the  adsorption  bulb  was  started  at  the 
same  time,  care  being  taken  not  to  heat  the  gel  to  a  higher  temperature 
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thaa  that  at  which  it  was  prepared,  so  that  the  water  content  might  not 
be  disturbed.  The  evacuation  was  continued  tmtil  the  MacLeod  gage 
showed  no  pressure,  usually  from  3  to  8  hours,  at  a  temperature  from 
290^  to  300^ 

In  the  beginning  it  was  found  almost  impossible  to  make  two  determ- 
inatioDS  that  would  agree.  After  a  considerable  number  of  measure- 
ments had  been  made  at  30^,  a  few  were  found  to  check  fairly  well.  How- 
ever, a  number  of  measurements  made  at  40^  showed  that  the  gel  exhibited 
greater  adsorptive  ability  at  this  temperature  than  at  30^.  Such  in- 
consistent and  disturbing  results  led  us  to  stop  and  thoroughly  inspect 
our  apparatus  and  method  of  procedture.  The  apparatus  was  first  exam- 
ined for  leaks.  It  was  thoroughly  evacuated  and  allowed  to  stand  for 
one  week,  at  the  end  of  which  the  MacLeod  gage  showed  no  increase  of 
pressure.  The  ammonia  was  again  examined  and  no  foreign  gases  fotmd. 
Another  series  of  measurements  was  made  at  30®  in  which  great  care 
was  taken  that  all  manipulations  should  be  as  nearly  identical  as  possible. 
Tbe  electric  furnace,  in  which  the  adsorption  bulb  was  heated  during 
evacuation,  was  kept  constant  and  evacuation  continued  for  exactly  the 
same  length  of  time.  Under  these  conditions  checks  could  be  made  with 
but  little  variation.    This  proved  that  the  gel  did  not  remain  constant 

Table  I 

EXPBRIMBNTS  AT  0*,  30®,  40*  AND  100* 


Expt.  XX 
Temp.,  30**;  HiO  content,  4.93%;  Wt. 
of geL, 0.5739 g.;  J?,0.5939;  <r,  18.a3; 
l/i\r,  0.2103;    J:,  57.30;    Pp,  874.90. 


F 

X/M 

V 

P^/Po 

P 

X/M 

0.07 

26.82 

0.034 

0.001443 

0.153 

58.77 

1.009 

68.05 

0.087 

0.020792 

8.116 

123.47 

37.726 

126.66 

0.161 

0.683757 

33.494 
58.653 

168.59 
191 .99 

Expt  XXIII 
Temp.,  40*;  HiO  content,  4 .93%;  Wt. 
<rffd,0.5730g.;Z>.0.5769;<r,  16.70; 
l/^.0.2093;A',63.63;Po,  1165.80. 

P  X/M  V  Pir/Po 

0.218   36.42  0.050  0.003123 

4.026   77.03  0.101  0.057672 

20.987  101.06  0.133  0.300622 

61.632  126.25  0.166  0.882887 

P  »  equilibrium  pressure  in  cm.  of 

mercury. 
X/M    »    cc.    of   ammonia   tmder 
standard  conditions  adsorbed  per 
f.  ofgd. 
K   «    oc   of   liquid   ammonia   ad- 
sorbed. 


Bxpt.  XXV 
Temp.,  0**;  HiO  content,  4.93%;  Wt. 
ofgel, 0.5744 g.;2>, 0.6389;  ir.25.94; 
Po,  322.10;    1/iV,  0.2116;    JT,  82.40. 

V-  Pir/Po 

0.070    0.012321 
0.147    0.654614 
0.200    2.697404 
0.228    4.723902 
Expt.  XXIX 
Temp.,  100**;  H,0  content,  4 .93%;  Wt. 
of  gel,  0.5737  g.;  Z>,  0.4589;  <r,  6.6 
l/i\r,  0 .2885;  JC,  23 .07;  Po,  4693 .40. 

P  X/M  V  Pe/Po 

2.147      27.05    0.04473    0.00276 
13.805      52.22    0.08636    0.01912 
41.016      66.62    0.11017    0.05681 
Po  =  vapor  pressure  of  liquid  ammonia. 
D  =  density  of  liquid  ammonia. 
a  =  surface  tension  of  liquid  ammonia. 
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dtiring  evacuation,  and  especially  was  this  true  when  the  pumps 
were  run  for  different  lengths  of  time.  All  the  experiments  recorded  in 
this  paper  were  made  under  conditions  that  allow  exact  duplication. 

In  Table  I  Experiments  XX, 
XXIII,  XXV  and  XXIX  are  re- 
corded  the  results  of  the  measure- 
ments made  at  0^  30^  40°  and 
100  *'.  These  results  are  shown 
graphically  in  Fig.  1.  Equilibrium 
was  usually  readied  in  from  15  to 
30  minutes;  nevertheless  the  am- 
monia was  allowed  to  remain  ia 
contact  with  the  gel  for  at  least  2 
hours.  As  more  ammonia  was  in- 
troduced and  the  pressure  increased, 
the  time  required  to  reach  equil- 
ibrium also  increased.  If  equil- 
ibrium was  not  reached  within  2 
hours  after  the  introduction  of  the 
first  amount  of  ammonia,  it  served 
as  an  indication  that  the  air  had 
not  been  completely  removed  from  the  apparatus.  It  was  found  that 
3  hours'  evacuation  with  the  adsorption  bulb  heated  to  290**  was  suf- 
ficient to  remove  all  the  air.  All  the  determinations  were  made 
under  these  conditions.  After  this  treatment  it  was  found  that  the  gel 
lost  0.28%  of  its  water  content.  When  this  treatment  was  continued  for 
8  hours  0.487%  of  the  water  was  removed.  The  gel  upon  analysis  was 
found  to  contain  0.437%  of  nitric  acid,  equivalent  to  5.23  cc.  of  am- 
monia. Of  course  as  the  gel  lost  some  of  its  water  content  some  of  the 
add  also  was  lost. 

Inasmuch  as  our  prdiminary  measurements  showed  that,  the  water 
content  of  the  gd  was  a  most  important  factor  in  determining  the  extent 
of  the  adsorption,  an  effort  was  made  to  prepare  a  gel  o(f  low  water  content. 
It  has  previously  been  thought  that  the  presence  of  the  water  was  very 
dosdy  associated  with  the  structure  of  the  material  and  the  removal 
of  the  water  below  2%  was  considered  undesirable.  The  subsequent 
results,  however,  indicate  that  such  views  are  tmsound  and  that  it  is 
possible  to  obtain  a  gd  possessing  the  proper  adsorptive  structure  having 
only  0.33%  of  water. 

A  gd  containing  0.33%  of  water  was  prepared  by  heating  it  in  a  Pjrrex 
glass  tube  through  which  a  current  of  diy  air  was  passed.  The  tube 
was  gradually  heated  with  a  Bunsen  flame  for  1  hour,  and  then 
in  the  flame  of  the  blast  lamp  for  2  hours  to  the  fusion  point  of  Py- 
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rex  glass.     During  this  process  the  gel  became  perfectly  dear  and  color- 
less. 

After  this  treatment  the  gel  was  tested  for  its  ability  to  adsorb  ammonia. 
It  was  rather  surprising  to  find  that  it  was  still  a  good  adsorbent  for  am- 
monia, adsorbing  on  an  average  about  53  cc.  less  per  gram  than  it  did 
before  this  drastic  treatment.  Two  isotherms  were  made,  one  at  0° 
and  one  at  30**.  Fig.  3  shows  the  graph  of  these  determinations  as  com- 
pared with  those  made  before  dehydrating  the  gel.  Table  II,  Experi- 
ments XXXI  and  XXXV  show  the  experimental  results. 


Tablb  II 


Action  op  Gnu  aftbr 
Expt.  XXXI 
Temp.,  30**;  H,0  content,  0 .33%;  Wt. 
of  gel,  0 .5739  g. ;  A  0 .5939;  4r,  18 .03; 
l/N,  0.2487;  K,  21.33;  Po.  874.90. 


Hbat  Treatment 

Expt.  XXXV 
Temp.,  0^  HaO  content.  0 .33%;  Wt. 
of  gel,  0.6739  g.;D,0 .6389;  <r,  24 .94; 
1/iV,  0.3948;  IC. 28.765;  Po,  322.10. 


p 

X/M 

V 

P<r/Po 

P 

X/M 

V 

P^/Po 

1.293 

24.49 

0.03113 

0.026646 

3.391 

47.85 

0.05684 

0.273091 

8.653 

46.00 

0.05878 

0.178021 

6.763 

61.35 

0.07287 

0.544651 

18.933 

57.08 

0.07294 

0.390173 

13.964 

80.54 

0.09567 

1.124572 

36.600 

73.50 

0.09392 

0.754265 

46.056 

127.50 

0.15145 

3.708976 

59.697 

83.01 

0.10608 

1.23024 

61 .365 

145.44 

0.17276 

4.941874 

It  is  necessary  to  mention  a  phenomenon  that  was  observed  with  the 
measurements  made  at  100  ®.  After  33.64  cc.  of  ammonia  had  been  brought 
over  0.5741  g.  of  gel  and  the  pressure  had  reached  a  value  of  287.36  mm., 
it  was  noticed  that  there  was  a  gradual  increase  in  the  pressure.  This 
increase  in  pressure  continued 
until  at  the  end  of  9  days  the 
pressure  in  the  apparatus  was 
471.40  mm.  Upon  cooling  the 
gel  to  0**,  the  pressure  imme- 
diately dropped  to  4.53  mm., 
while  heating  again  to  100® 
caused  an  immediate  rise  in 
pressure  to  the  value  of  471.40 
mm.  That  this  phenomenon 
is  in  some  way  associated  with 
the  water  of  the  gel  is  indicated  by  the  fact  that  no  such  behavior  as 
outlined  above  was  exhibited  with  the  gel  containing  only  0.33%  of  water. 

Discussion  of  Results. 

The  various  isotherms  may  be  very  accurately  represented  by  the 

ordinary  empirical  adsorption  formula,   X/M=KP^^^,    In  Fig.  2  are 

plotted  the  logarithms  of  X/M  against  P,  and  from  the  straightne^  of 

the  lines  it  is  apparent  that  the  above  formula  accurately  reflects  the 
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experimental  data.  Inasmuch  as  the  sulfur  dioxide  was  also  well  rep- 
resented by  the  same  relationship,  the  comparison  of  the  behavior  of 
ammonia  and  sulfur  dioxide  is  greatly  facilitated  by  use  of  the  values  of 
K  at  the  same  temperature.  In  the  following  table  are  given  the  values 
of  K  for  sulfur  dioxide  and  ammonia  obtained  with  a  gel  of  approximately 
the  same  water  content,  4.8%. 


NH, 

SO, 

K 

K 

0** 

82.40 

29.14 

30- 

67.30 

12.93 

40- 

63.63 

9.76 

100" 

23.01 

1.12 

Inasmuch  as  the  significance  of  K  is  the  number  of  cubic  centimeters 

of  gas  adsorbed  by  1  g.  of  gel  at  a  pressure  of  1  cm.,  it  is  apparent  that 

ammonia  is  more  strongly  adsorbed  than  sulfur  dioxide  by  this  particular 

sample  of  gel. 

That  this  result  is  due  to  the  larger  solubility  of  ammonia  in  water,  is 

shown  by  the  fact  that  the  value  of 
K  for  ammonia  at  0**  decreased  from 
82.40  to  a  value  of  28.76  when  the 
water contentwas  reduced  from  4.88% 
to  0.33%.  While  it  is  true  that  the 
adsorption  of  sulfur  dioxide  is  lessened 
by  a  diminution  of  the  water  con- 
tent of  the  gel,  the  effect  here  is  not 
so  pronounced  as  in  the  case  of  am- 
monia. It  will  be  observed  that 
with  a  gel  containing  0.33%  water 
content,  the  adsorption  of  ammonia 
is  lower  than  that  of  sulfur  dioxide 
in  a  gel  containing  4.87%  water. 
It  is  our  belief  that  with  an  anhy- 
drous gel  the  adsorption  of  ammonia 
will  be  found  to  be  in  accordance 
with  its  ease  of  condensation  as  expressed  by  its  critical  temperature. 

The  above  results  for  ammonia  must  also  be  corrected  for  the  acid  that 
is  present  in  the  gel.  In  the  beginning  it  was  thought  that  prolonged 
washing  with  distilled  water  was  sufficient  to  remove  all  acid,  especially 
inasmuch  as  the  acid  diffuses  readily  through  the  gel  when  in  the  state 
that  it  is  when  washed.  Nevertheless,  upon  collecting  the  liquid  that 
is  driven  off  from  a  gel  containing  5.21%  water  by  heating  to  800-900**, 
the  same  was  found  to  require  0.653  cc.  of  0.1066  N  alkali  for  the  neutral- 
ization per  gram  of  gel.    This  acid  would  probably  not  exert  an  appre- 
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dable  effect  upon  an  acidic  gas  such  as  sulfur  dioxide,  but  would  mate- 
rially affect  the  adsorption  of  ammonia. 

ITie  above  facts  illustrate  the  great  need  for  care  when  generalizations 
are  drawn  concerning  adsorption.  It  is  apparent  that  the  amount  of 
ammonia  that  the  gel  is  capable  of  taking  up  depends  not  only  on  the 
capillary  structure  of  the  gel,  but  in  addition  upon  the  water  and  acid 
content.  Before  generalizations  as  to  the  effect  of  capillarity  on  ad- 
sorption may  be  drawn,  it  is 
necessary  to  allow  for  the  1.4 
solubility  of  the  gas  in  the 
water  and  the  amount  of  am- 
monia that  combines  with 
the  add  present. 

If  instead  of  expressing  the 

weight  of  ammonia  taken  up 

by  a  unit  weight  of  gd  under  a  certain  pressure,  the  volume  of  liquid 

ammonia  adsorbed  per  gram  of  gel  under  its  condensation  pressure  is 

used,  all  the  isotherms  fall  on  a  smooth  curve  which  may  be  expressed  by 

the  equation 

Pa  */^ 
V=1C(— )      .    These  results  are  shown  in  Fig.  4,  where  will  be  found 

plotted  the  logarithms  of  the  volume  of  ammonia  adsorbed  against  the 
logarithms  of  the  condensing  pressures  (P<r/Po). 

A  similar  result  was  obtained  with  the  sulfur  dioxide  measurements 
where  the  values  of  K  and  1/N  were  0.1039  and  0.447,  respectively.  In 
the  case  of  ammonia  with  a  gel  of  4.88%  water  content,  the  equation 


3.4  3.8  2.2,2.6   1.0   1.4    1.8  0.2   0.6   0.1 


becomes  y= 0.1679 


m 


0 .  2105 ;  while  with  a  gel  of  0.33%  water  content 


X-  has  the  value  of  0.0965  and  1/N  of  0.3588. 

At  first  thought  it  may  be  considered  strange  that  the  above  formula 
should  apply  to  the  adsorption  of  anmionia  when  we  consider  the  very 
large  portion  of  the  ammonia  that  is  dissolved  in  the  water  of  the  gel. 
This  behavior  is  immediately  explained,  however,  from  the  fact  that  the 
solubility  of  ammonia  in  water  may  be  expressed  by  the  same  formula 
that  is  used  to  express  the  results  of  the  adsorption  of  ammonia  by  silica 
gel.  In  other  words,  as  shown  by  measurements  made  in  this  laboratory, 
the  solubility  of  ammonia  in  water  is  well  represented  by  the  formula. 

It  has  also  been  shown  that  the  solubility  of  sulfur  dioxide  in  water 
may  be  well  represented  by  the  above  formula  where  K  equals  0.0123 
and  1/N  equals  0.91.     It  is  therefore  possible  to  calculate  the  adsorption 
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due  to  the  capillary  structure  alone  by  correcting,  with  the  aid  of  the 
above  formula,  for  the  amount  of  gas  dissolved  in  the  water  of  the  gel. 

Applying  this  formula,  V = i^(  —  J  +0M8K'(  —  J  ,  to  the  measure- 
ments of  ammonia  made  with  the  gel  containing  4.8%  water,  the  value 
of  K  becomes  0.1147.  Doing  the  same  with  the  measurements  of  sulfur 
dioxide,  we  find  that  the  mean  value  for  K  does  not  difiFer  much  from 
0.1038.  The  K  for  the  anhydrous  gel  is  0.0955.  From  these  experiments 
we  see  that  the  amount  of  different  gases  adsorbed  due  to  capillarity  is 
in  good  agreement. 

Summary. 

1.  The  adsorption  of  ammonia  by  silica  gel  has  been  measured  under 
various  pressures  at  0*",  SO"*,  40'',  and  100 ''. 

2i  The  influence  of  the  water  content  of  the  gel  on  the  adsorption  has 
been  studied. 

3.  It  has  been  shown  that  the  adsorption  of  ammonia  may  be  satis- 
factorily explained  on  the  basis  of  capillary  condensation,  provided  cor- 
rections are  made  for  the  amount  of  the  gas  that  dissolves  in  the  water. 
Bai^timorb*  Maryi«and. 

[Contribution  from  thb  Chsmicai«  Laboratory  op  thq  Univsrsity  of  California.  ] 

A  STUDY  OF  THE  SYSTEM  AMMONIA :  MAGNESIUM  :  MERCURY. 
THE  FORMATION  OF  MAGNESIUM  HEXAMMONIATE. 

.By  Albert  G.  Loomis. 

Received  August  4.  1021. 

Introduction. 

The  object  of  this  investigation  was  to  study  the  properties  of  the 
three-component  system  ammonia :  magnesium :  mercury,  and  to  establish 
the  constitution  of  the  solid  phase  which  separates  when  dilute  magnesium 
amalgams  are  allowed  to  absorb  ammonia.  The  separation  of  this  solid 
phase  was  first  observed  by  the  late  Dr.  William  Argo,  and  at  his  sugges- 
tion this  work  was  undertaken.  It  was  of  interest  to  determine  whether 
mercury  is  an  essential  constituent  of  the  solid  phase,  and  whether  a  com- 
pound of  magnesium  and  ammonia,  but  containing  no  mercury,  could  be 
prepared  corresponding  to  calcium  hexammoniate  Ca(NH8)6,  calcium 
hexammoniate,  discovered  and  studied  by  Kraus.^  A  study  of  the  prop- 
erties of  this  compound,  together  with  such  groups  as  methyl  mercury, 
and  solutions  of  the  alkali  metals  in  anhydrous  ammonia  has  led  Elraus 
to  highly  important  conclusions  regarding  the  theory  of  the  metallic 
state  and  the  mechanism  of  metallic  conduction. 
»  Kraus,  This  Journal,  29,  1567  (1907);  30, 663  (1908). 
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The  metals  which  have  been  reported  to  be  soluble  in  liquid  ammonia  are:  sodium 
and  potassium,'  lithium,*  rubidium  and  cesium/  calcium/  barium/  and  strontium.7 
Magnesium  goes  into  solution  very  slowly;  if,  however,  it  is  first  treated  with  a  solution 
of  an  ammonium  salt  in  liquid  ammonia,  allowing  some  hydrogen  to  be  evolved,  and . 
then  washed  free  of  the  ammonium  salt,  immediate  solution  takes  place.  Compounds 
of  metals  with  ammonia  of  the  following  formulas  have  been  reported :  NaNHi,  KNH|,' 
LiNHt,  Ca(NH,)4,»  Ba(NH,)e,"  and  Sr(NH,)e.»o  Kraus,»  however,  proved  by  phase 
rule  criteria  that  sodium,  potassium,  and  lithium  do  not  form  compounds  with  liquid 
ammonia,  but  true  solutions.  He  found  also  that  the  compotmd  with  calcium  was  not 
calcium  t£trammontate  as  reported  by  Moissan,  but  calcitun  hexammoniate.  This 
compound  is  prepared  by  allowing  excess  ammonia  to  dissolve  calcium  metal  and  pump- 
ing off  ammonia  to  the  dissociation  presstu-e  of  the  compound. 

Several  cases  are  known  of  compounds  of  two  metals  existing  in  liquid  ammonia. 
Joannis"  found  that  lead  dissolves  in  ammonia  solutions  of  sodium,  two  atoms  of  lead 
being  present  to  one  atom  of  soditun  in  solution.  Other  compounds  reported  by  Joannis 
have  the  formulas  NatSb,  NaPb,  NaPb^,  NaiBi,  KPbs,  etc.  According  to  Peck,^' 
Kraus  has  found  that  further  reactions  take  place  with  an  excess  of  the  heavy  metal, 
forming  compounds  richer  in  the  heavy  metal.  Smyth  ^*  has  studied  the  solutions  of 
lead  in  sodium  solutions  in  ammonia  and  reached  the  conclusion  that  there  is  an  equilib- 
rium between  Pbt"  and  Pbt^  in  the  presence  of  metallic  lead; 

Lebeau^^  has  reported  that  trilithitun  antimonide  LitSb  is  soluble  in  liquid  ammonia. 
Kraus*  has  found  that  lead  is  soluble  in  ammonia  solutions  of  potassium,  giving  a  green 
color,  and  that  tin  is  soluble  in  ammonia  solutions  of  sodiiun,  giving  a  red  color.  Accord- 
ing to  Peck,*'  Kraus  has  found  also  that  tin,  telluritun,  selenium,  and  sulfur  react  and 
form  compounds  with  solutions  of  the  alkali  metals  in  ammonia. 

Description  of  the  Solid  Phase. — ^The  crystals  which  are  formed  when 
magnesium  amalgam  absorbs  ammonia  have  a  bright  metallic  luster.  The 
absorption  of  ammonia  is  exceedingly  slow,  probably  on  accoimt  of  the 
slowness  with  which  ammonia  penetrates  below  the  siurface  of  the  solid 
phase;  the  reaction  is  complete  within  10  to  15  days.  The  adsorption 
of  ammonia  in  all  cases  was  allowed  to  take  place  at  room  temperature 
in  a  sealed  tube  in  order  that  the  high  pressure  of  the  ammonia  (about 
8  atmospheres  at  room  temperature)  might  hasten  the  reaction.  The 
crystals  are  slowly  decomposed  when  exposed  to  air,  or  when  the  pressure 
of  the  ammonia  vapor  is  reduced  below  about  2  atmospheres.    The 

«  Weyl,  Ann.  Phys.,  121, 601  (1864). 

•  Sedy,  Chem.  News,  23, 169  (1871). 

<  Moissan,  Compt.  rend.,  136,  1177  (1903). 

•  Moissan,  ibid.,  127,  685  (1898). 

•  Guntz,  ibid.,  133,  874  (1901). 
Mcntrel,  ibid.,  135,  740  (1902). 

^  Guntz,  ibid.,  133,  1209  (1901). 
■Joannis,  ibid.,  109,  900  (1889). 

•  Mentral,  ibid.,  135, 790  (1902);  BuU.  soc.  chim.,  29, 493  (1903). 
>•  Roederer,  Compt.  raid.,  140,  1252  (1905): 

"  Joannis,  ibid.,  113,  795  (1891). 

"  Peck,  Tms  Journai.,  40,  336  (1918). 

»  Smyth,  ibid.,  39,  1299  (1917). 

»♦  Lcbcau,  Compt.  rend.,  134,  284  (1902). 
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amalgam  may  be  made  to  remain  semi-liquid  or  completely  solid,  depend- 
ing on  the  amounts  of  ammonia  and  magnesium  added.  Amalgams 
richer  in  magnesium  than  0.15%  become  completely  solid  with  excess 
of  ammonia,  while  more  concentrated  amalgams  become  completely 
solid  if  more  than  0. 035  mol.  of  ammonia  is  added  per  100  g.  of  amalgam. 
Even  with  the  most  dilute  amalgams  crystals  of  the  compound  separate, 
indicating  their'  small  solubility  in  the  excess  of  amalgam.  In  practi- 
cally all  cases  amalgams  were  used  in  which  there  was  no  soli4  phase  of 
magnesium   present. 

Solubility  of  Magnesium  in  Mercury. — No  data  could  be  fotmd  on  the 
solubility  of  magnesium  in  mercury,  so  this  value  was  determined.  Three 
determmations  gave  0. 323%,  0. 322%  and  0. 324%  of  magnesium  at  room 
temperature  (23°).  These  amalgams  were  made  by  warming  pure  mer- 
cury with  excess  magnesium  in  vacu^  and,  after  cooling  to  room  tempera- 
ture, were  allowed  to  stand  for  several  days,  with  frequent  shaking  to  avoid 
supersaturation.  The  saturated  amalgam  was  filtered  through  a  plug 
of  glass  wool  by  means  of  hydrogen  pressure  into  an  evacuated  receiving 
bulb,  which  was  sealed  off  in  vacuo  when  a  sufficient  amotmt  had  filtered. 
The  magnesium  content  was  determined  by  the  method  of  Gooch  and 
Austin,^*  the  mercury  by  difference. 

Apparatus  and  Materials  Used. 

All  ammonia  used  was  obtained  from  large  stock  cylinders,  dried  with  sodium, 
and  kept  in  glass  containers  as  a  saturated  solution  in  ammonium  nitrate,  known  as 
Diver's  solution.  The  ammonium  nitrate  had  been  previously  dried  with  extreme  care 
by  heating  with  a  boiling-water  jacket  for  some  hours  in  vacuo.  Before  using,  the  am- 
monia was  always  dried  again  with  sodium,  so  that  the  final  product  was  very  pure  after 
the  several  distillations  and  drying.  All  merciuir  used  was  purified  by  the  Hulett  method 
and  stored  in  a  glass  container  by  distilling  in  vacuo.  The  magnesium  was  of  very 
pure  quality  and  carefully  freed  from  all  oxide.  Vacuum  stopcocks  were  used  through- 
out the  investigation,  as  were  Trimount  oil  vacuum  pumps  capable  of  rapid  exhaustion 
to  0.001  mm.  of  mercury.  All  glass  containers  and  connecting  tubes  were  thoroughly 
cleaned  with  strong  caustic  soda  solution,  chromic  add,  and  pure  water.  Before  filling 
with  the  amalgams  the  containers  were  heated  in  vacuo  with  a  free  flame  almost  to  the 
softening  point  of  the  glass.  After  evacuation  for  some  time  the  containing  vessel 
was  filled  with  dry  hydrogen  and  again  evacuated.  The  hydrogen  was  made  and  dried 
with  sodium-potassium  alloy,  as  recommended  by  Hine.^*  This  latter  refinement  was 
necessary  on  account  of  the  extreme  reactivity  of  magnesium  amalgam  with  traces  of 
moisture  and  air  that  remain  on  the  surface  of  the  glass.  Using  the  precautions  de- 
scribed above,  amalgams  were  obtained  free  of  all  traces  of  oxide  scum. 

An  important  part  of  the  containing  tubes  was  an  arrangement  which  we  may  call 
a  "sealed  stopcock,"  which  was  used  by  Lewis  and  I^acey^^  (see  Fig.  1).  It  is  impossible 
to  keep  liquid  ammonia  quantitatively  at  room  temperature  by  means  of  an  ordinary 
stopcock,  and  throughout  the  entire  investigation  this  arrangement  was  used.  The 
containing  tube  was  attached  at  (C),  while  (E)  was  attached  to  the  exhaustion  pump. 

1*  Gooch  and  Austin,  Zeit.  anorg.  Chem.,  20,  121  (1899). 

"  Mine,  This  Journal,  39,  882  (1917). 

"  Uwis  and  Lacey,  ibid.,  37,  1976  (1916). 
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Fig.  1. 


After  thonmgfa  evacuation  stopcock  (D)  was  closed.  By  heating  the  plug  (B)  of  low- 
mehing  glass  and  pulling  on  the  phitinum  wire  (P)  the  small  tube  could  be  broken  off 
at  a  file  mark  which  had  been  made  previous  to  making  the  ring  seal  at  (R). 

Vapor-pressure  Measurements. 
Vapor-pressure  meastu-ements  Were  made  at  0°  to  study  the  form  of  the 
curve  obtained  by  plotting  vapor  pressures  of  ammonia  as  ordinates 
against  amounts  of  ammonia  removed  as  abscissas.  Our  object  was  to 
obtain  the  solid  compoimd  just  free  of  excess  liquid  ammonia  in  order  to 
analyze  it.  Dilute  amalgams  were  made,  an  excess  of  dry  liquid  ammonia 
was  introduced,  and  the  sealed  tubes  were  allowed  to  stand 
for  10  days  or  longer.  The  containing  tubes  were  made  with 
several  arms  in  order  to  have  as  much  surface  of  compound 
exposed  as  possible,  and  were  shaken  at  intervals  in  order  to 
hasten  the  attainment  of  equilibrium.  A  large  glass  spiral 
made  from  tubing  of  small  bore  was  used  to  gain  flexi- 
bility and  permit  shaking  without  the  use  of  rubber  con- 
nections. The  ammonia  vapor  was  removed  by  allowing 
it  to  expand  into  an  evacuated  bulb  of  about  15cc.  ca- 
pacity. Vapor  pressures  were  recorded  as  soon  as  the 
liquid  ammonia  phase  had  entirely  disappeared.  It  was 
found  in  a  separate  experiment  that  the  liquid  ammonia  phase  was  pure 
and  contained  no  dissolved  material.  Consequently  no  Vapor-pressure 
measurements  were  necessary  while  this  phase  was  present,  since  the 
system  was  behaving  practically  as  a  one-component  system. 

After  the  liquid  ammonia  phase 
had  entirely  disappeared,  vapor  pres- 
sures were  recorded.  Equilibrium 
was  reached  very  slowly,  the  maxi- 
mum pressiu-e  being  reached  in  from 
20  to  30  hours.  Equilibrium  could 
be  approached  only  from  the  side 
of  lower  pressure,  due  to  the  ex- 
tremely slow  absorption  of  ammonia 
by  the  amalgam  at  that  pressure.  ^' 
The  form  of  the  curve  was  carefully 
examined  in  the  region  where  the 
excess  liquid  ammonia  had  just  dis- 
appeared and  the  solid  was  begin- 
ning to  decompose,  this  point  being 
indicated  by  the  swelling  of  the  solid 
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due  to  its  decomposition.     The  pressures  obtained  were  plotted  against 
>*  Kraus  (Ref.  1)  experienced  the  same  difficulty  in  his  work  on  the  vapor  pressure 
of  Ca(NH,)«. 
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volumes  of  ammonia  removed  and  Curve  1,  Fig.  2  obtained.  In  this  experi- 
ment about  5.0%  of  the  crystals  was  decomposed  by  removing  ammonia. 
This  estimate  was  made  from  results  which  were  obtained  later  in  the  in- 
vestigation regarding  the  composition  of  the  solid.  In  a  second  experi- 
ment, identical  with  the  first  one,  more  ammonia  was  removed,  estimated 
to  decompose  about  15%  of  the  solid.  These  results  when  plotted  give 
a  similar  curve  to  that  of  Experiment  1,  although  the  curves  cannot 
be  directly  superimposed,  since  the  concentrations  of  the  amalgams  in 
the  two  experiments  were  not  identical.  A  summary  of  results  is  given 
in  the  following  table. 

Tabus  I 

VaPOR-PRSSSURS  MEASURSM8NT8 

All  Measurements  at  0^ 

Vols,    of    Amm.    Vapor 

Removed  12345678  18 

Equilib.  V.P.  in  Cm.  of  Hg. 

Expt.l 67.3    42.2    40.0    38.1    37.7    37.3    36.7    36.1     .... 

Expt.2 67.1     ....     48.0     42.1    38.9     ....     27.6 

Discussion  of  Curves  Obtained. — ^From  the  form  of  the  curve  obtained, 
showing  gradually  decreasing  pressures  as  ammonia  is  removed,  it  is  ccm- 
eluded  that  there  are  only  two  phases  present  besides  the  vapor  phase, 
one  at  least  of  which  is  variable  in  composition.  The  variable  phase  is 
almost  certainly  the  amalgam,  the  solid  compotmd  being  the  second  phase. 
The  pressures  do  not  become  constant  as  soon  as  the  solid  begins  to  de- 
compose; for  instance,  at  point  B  of  Curve  1  (Fig.  2)  the  pressure  rose 
from  9.2  cm.  to  40.0  cm.  of  mercury  after  some  hours.  This  behavior 
was  repeated  as  more  ammonia  was  removed.  Since  the  pressures  do 
not  become  constant  as  soon  as  the  solid  begins  to  decompose  this  method 
of  analysis  is  eliminated.  There  is  also  no  evidence  from  the  study  of 
the  ciu^es  that  the  solid  maintains  constant  composition,  and  this  point 
was  next  investigated  by  direct  analysis.  Since  from  A  to  B  on  the  curve 
the  composition  is  changing  too  rapidly,  we  will  choose  for  analysis  the 
region  in  which  the  vapor  pressure  has  assumed  a  more  constant  value. 

Determination  of  Ratio  of  Magnesium  to  Ammonia  in  Crystals. 

Method  of  Making  Amalgams. — In  order  to  determine  the  number 
of  mols  of  ammonia  combined  with  one  gram  atom  of  magnesium,  amal- 
gams of  widely  differing  concentrations  were  made  and  excess  of  liquid 
ammonia  added. 

Magne^mn,  free  of  oxide,  was  weighed  and  introduced  into  Tube  C  (see  I^.  3). 
After  the  containing  tube  was  sealed  to  the  apparatus  it  was  evacuated,  heated  with  a 
free  flame  almost  to  the  collapsing  pomt  of  the  glass,  filled  with  dry  hydrogen,  and  again 
evacuated  and  heated.    Mercury  which  had  been  distilled  in  the  reservoh:  (W)  in  mcuo 
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was  allowed  to  fill  the  evacuated  pipet  (P)  up  to  the  zero  mark  on  the  capillary  stem, 
the  level  of  mercury  being  adjusted  at  will  by  means  of  hydrogen  pressure  through  the 
stopcock  above  the  stem.  The  pipet  as  well  as  the  stem  above  the  zero  mark  had 
previously  been  calibrated  very  carefully  by  introducing  the  mercury  from  W  as  de- 
scribed, and  allowing  it  to  run  into  a  weigh- 
ing bulb  attached  to  the  glass  arm  (N). 
By  turning  the  3- way  stopcock  (S)  the  pipet 
was  allowed  to  empty  into  the  containing 
tube  (C).  Any  small  droplets  of  mercury 
adhering  to  the  glass  were  forced  into  C  by 
means  of  hydrbgen  presstu^.  The  contain- 
ing tube  was  now  shaken  until  all  the  mag- 
nesium had  dissolved  and  excess  liquid  am- 
monia introduced  from  Tube  T  by  immers- 
ing the  bulb  of  C  in  a  cooling  mixture  such 
as  carbon  dioxide  snow  and  ether.  The  am- 
monia had  previously  been  condensed  into 
Tube  T  from  the  Diver's  solution  in  order 
to  dry  it  thoroughly  with  metallic  sodiiun. 
Tube  C  was  now  sealed  off  at  M  and  N  under  reduced  pressiu-e. 

Decompositioii  of  Crystals. — ^After  the  tubes  had  stood  for  several  weeks  at  room 
temperature,  and  complete  absorption  of  ammonia  had  taken  place,  they  were  sealed 
to  the  apparatus  shown  in  Pig.  4.  The  sealed  stopcock  was  thoroughly  evacuated 
through  Tube  C,  Stopcock  B  was  closed,  the  containing  tube  cooled  in  a  bath  of  liquid 
ammonia,  and  the  small  tube  l^oken  off  at  B.  The  excess  liquid  ammonia  was  allowed 
to  escape  through  Tube  A  under  a  trap  of  mercury.  After  the  excess  liquid  ammonia 
had  all  evaporated,  the  entire  system  was  evacuated,  which  removed  all  ammonia 
vap<Mr  from  above  the  crystals,  shown  by  a  low  pressure  on  the  gage  G.  Stopcock 
D^was  then  closed  and  the  oystals  decomposed  by  heating  and  cooling  Tube  T  in  carbon 

dioxide  snow  and  ether.  After  the  decomposition  was 
complete.  Tube  T  was  sealed  off  and  the  weight  of  am- 
monia determined.  The  volume  of  the  containing  and 
side  tubes  was  next  determined  and  the  amount  of  am- 
monia vapor  not  condensed  in  T  was  calculated  from 
the  volume  and  the  pressure  as  shown  on  the  gage  (G). 
This  weight  was  added  to  the  weight  of  the  liquid  ammo- 
nia condensed  in  T. 

The  results  are  summarized  in  Table  II. 
It  is  seen  from  the  table  that  the  ratio  of  the 
^  Y  number  of  gram  atoms  of  magnesium  to  mols 

of  ammonia  is  approximately  1  to  6  for  amal- 
gams of  widely  differing  concentrations.    Proba- 
bly some  ammonia  vapor  is  enclosed  mechani- 
p.  ^  cally  in   the  crystals  which   would  cause  imi- 

formly  high  results.  Therefore  we  may  safely 
conclude  that  the  formula  of  the  compoimd  is  Mg(NH3)6Hgx.  The 
problem  of  determining  whether  mercury  is  combined  in  the  crystal  now 
presents  itself. 
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TablbII 

Ratio  o9  AiocomuM  to  Magnssium  in  Crystals 


^t 

Wt.  of  Mg M>er 

100  g.  of  Hg. 

G. 

Gram  atoms 
of  Mg. 

Mola 
of  ammonia 
combined 

Mob  of  ammonia 
combined  with 
Ig.  atomoTMg. 

1 

0.0608 

0.00209 

0.0128 

6.12 

2 

0.0536 

0.00201 

0.0140 

6.33 

3 

0.0813 

0.00336 

0.0206 

6.12 

4 

0.0976 

0.00401 

0.0263 

6.32 

6 

0.3122 

0.01284  . 

0.0764 

6.96 

6 

0.3768 

0.01660 

0.0972 

6.27 

7 

0.4262 

0.01762 

0.1066 

6.02 

8 

0.4604 

0.01892 

0.1166 

6.16 

9 

0.6118 

0.02200 

0.1330 

6.04 

Determination  of  Combined  Mercury  in  the  Crjrstals. 

General  Methods. — ^The  chief  difficulty  to  overcome  in  the  determi- 
nation of  the  constitution  of  solid  phases  which  separate  from  amalgams 
is  due  to  the  fact  that  it  is  impossible  to  completely  free  the  solid  phase 
of  adhering  mother  amalgam. 

Kerp^*  and  Kerp,  Bdttger,  Winter  and  Iggena*<*  determined  the  composition  of 
crystals  jrom  amalgams  by  removing  the  mother  amalgam  on  a  Gooch  crucible.  This 
method  was  later  shown  to  give  erroneous  results  due  to  incomplete  removal  of  amalgam. 
Centrifugal  machines  also  give  imperfect  removal  of  the  mother  liquor  (C.  van  Eyk^O* 
A.  van  Bijlert*'  and  Bancroft*'  have  discussed  the  method  of  adding  a  reference  sub- 
stance to  the  mother  liquid  which  does  not  form  part  of  the  oystal.  From  an  analysis 
of  the  crystals  for  the  reference  substance  the  amount  of  adhering  mother  liquor  may 
be  calculated.  Bijlerf  used  silver  as  the  reference  metal  in  his  study  of  the  tin  anti- 
mony alloys.  Van  Heteren**  made  use  of  cadmium  as  reference  metal  in  the  study  of 
tin  amalgams.  Bancroft"  has  discussed  the  method  of  analyzing  the  filtrate  to  deter- 
mine by  indirect  means  the  constitution  of  the  solid  phase  which  separates.  Some 
experiments  were  made  with  gold  amalgams  in  order  to  test  the  possibility  of  using  this 
metal  for  reference.  The  solubility  of  gold  in  mercury  at  20**  was  found  from  3  deter- 
minations to  be  0.00154, 0.00156,  and  0.00156  g.  of  gold  per  g.  of  amalgam.  From  these 
results  it  was  concluded  that  gold  would  make  a  good  reference  metal,  since  we  deshred 
a  very  dilute  amalgam  in  order  to  change  the  chemical  character  of  the  mercury  as  little 
as  possible.  It  was  fotmd,  however,  that  gold  was  practically  insoluble  in  magnesium 
amalgam,  and  this  method  was  abandoned  in  favor  of  the  method  of  directly  analyzing 
the  filtrate. 

Theory  of  the  Method  of  Analyzing  the  Filtrate. — Starting  with  an 
amalgam  of  known  concentration,  a  known  amount  of  liquid  ammonia 
is  introduced  into  the  containing  tube.  Since  we  have  established  the  fact 
that  6  mols  of  ammonia  combine  with  1  gram  atom  of  magnesium  we 

"  Kerp,  Z.  anorg.  Chem.,  17,  284  (1898). 

»  Kerp,  BSttger,  Wnter  and  Iggena,  ibid.,  25,  1  (1900). 

"  C.  van  Eyk,  Proc.  Acad.  Sci,,  Amsterdam,  10,  859  (1902). 

"  A.  van  Bijlert,  Z.  physik.  Chem.,  8,  343  (1891), 

"  Bancroft,  /.  Phys.  Chem.,  6,  178  (1902). 

«« Van  Hetcren.  Z.  anorg.  Chem.,  42, 129  (1904). 
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can  calculate  from  the  total  s^nount  of  ammonia  introduced  the  weight 
of  magnesium  that  is  removed  from  solution.  This  value  must  be  corrected, 
however,  for  the  solubility  of  the  crystals  in  the  residual  amalgam  and 
for  the  vapor  pressure  of  the  crystals  which  corresponds  to  the  amoimt  of 
ammonia  not  reacting.  Using  this  corrected  value  for  the  amount  of 
magnesium  removed  from  the  liquid  phase  we  may  indicate  the  number 
of  gram  atoms  of  mercury  that  are  also  removed  from  the  liquid  phase 
by  letting  x  represent  the  number  of  gram  atoms  of  mercury  present  in 
the  crystal  with  1  gram  atom  of  magnesium  and  6  mols  of  ammonia. 
The  ratio  of  the  remaining  amotmt  of  mercury  to  magnesitmi  in  the  liquid 
phase  may  now  be  equated  to  the  ratio  of  magnesium  foimd  by  direct 
analysis  in  the  filtrate.  The  equation  is  written  as  follows, 
PTi-  {[Vt  (i\r~P) -5./41 200.6  x]     Wt 

where  Wi  is  the  weight  of  mercury  in  the  original  amalgam,  N  the  number 
of  mols  of  ammonia  introduced,  P  the  number  of  mols  of  ammonia  that 
remain  in  the  vapor  phase,  5  the  solubility  of  the  crystals  expressed  as 
gram  atoms  of  magnesium  per  gram  of  mercury,  A  the  number  of  grams 
of  mercury  in  the  filtrate  (liquid  phase),  W  the  weight  of  magnesium  in 
the  original  amalgam,  W'l  the  weight  of  magnesium  removed  in  the  crystals, 
Wt  the  weight  of  mercury  in  the  filtrate,  W't  the  weight  of  magnesium 
in  the  filtrate,  ^/e  the  ratio  of  gram  atoms  of  magnesium  to  mols  of  ammonia 
and  200.6  is  the  atomic  weight  of  mercury.  The  quantity  in  brackets 
{ [V«  (^—-P)  —  5.il]  200. 6x}  represents  the  number  of  grams  of  merciuy 
removed  from  the  liquid  phase  as  part  of  the  crystals. 

Wi'  is  equal  to  { Va  (iV-P)  -S.A }  24. 32  g.  of  magnesium,* where  24. 32 
is  the  atomic  weight  of  magnesium.  In  multiplying  S  by  A,  the  number 
of  grams  of  mercury  in  the  filtrate,  we  are  neglecting  the  weight  of  merctu-y 
present  in  the  amalgam  adhering  to  the  crystals.  However,  since  5 
is  very  small  and  the  amotmt  of  amalgam  adhering  to  the  crystals  is  small, 
we  are  making  only  a  small  error  and  gaining  simplicity  in  the  equation. 
MeUiod  of  Introduciiig  a  Known  Weight  of  Ammonia. — ^The  amalgams  were  made 
by  weighing  out  the  magnesium  and  introducing  the  mercury  from  the  Reservoir  W 
(see  Fig.  3)  in  vacuo  by  means  of  a  calibrated  pipet  (P)  and  a  3-way  stopcock  (S),  as 
described  above.  The  volume  of  the  containing  tube  (C)  up  to  Stopcock  S,  plus  the 
connecting  tubes  to  Stopcocks  F,  R,  G  and  H,  was  determined  by  filling  with  dry 
ammonia  gas,  reading  the  pressure  recorded  on  the  gage  (I),  and  allowing  the  ammonia 
gas  to  expand  into  one  of  the  expansion  bulbs  (B  or  E),  whose  voliunes  were  accurately 
known.  From  the  new  pressure  recorded  on  the  gage  (I)  and  the  temperature,  the  vol- 
mne  was  calculated.  The  volume  of  the  containing  tube  was  determined  in  the  same 
manner. 

|W  Since  we  wished  to  filter  these  amalgams  after  the  crystals  had  been  formed  it  was 
necessary  to  condense  into  C  only  a  limited  amount  of  ammonia,  excess  of  magnesium 
being  used  in  all  cases.  The  maximum  amount  of  ammonia  that  could  be  used  and  still 
aUcnr  filtering  was  about  0.065  mol.  for  200  g.  of  amalgam.    Ammonia  was  condensed 
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into  T  through  H  where  it  was  freed  of  traces  of  moisture  with  metallic  sodium.  Stop- 
cock R  was  opened  to  the  vacuum  pump  several  times  in  order  that  any  small  amounts  of 
hydrogen  evolved  in  the  drying  process  might  be  removed.  The  dry  liquid  ammonia  in 
T  was  now  allowed  to  expand  into  the  containing  tube,  the  connecting  tubes,  and  one  or 
both  of  the  Bulbs  B  and  E,  depending  on  the  amount  that  was  desired.  After  reading 
the  pressure  on  the  gage  (I)  the  ammonia  gas  was  condensed  into  C  by  cooling  in  carbon 
dioxide  and  ether  mixture  tmtil  the  desired  pressure  was  shown  on  the  gage.  The 
containing  tube  was  then  sealed  of!  at  M  and  N  under  reduced  pressure.  From  the  in- 
itial and  final  pressures  on  the  gage,  the  volumes  of  the  connecting  tubes,  the  Bulbs 
B  and  E,  and  the  containing  tube,  with  the  temperature,  the  number  of  mols  of  ammonia 
introduced  into  C  could  be  calculated.  Since  ammonia  vapor  deviates  appreciably  from 
a  perfect  gas  under  these  conditions,  all  calculations  were  made  using  the  Berthelot 

equation  of  state,  which  holds  closely  enough  for  ammo* 
nia  vapor  at  these  temperatures  and  pressures  for  our 
purposes.  Corrections  were  made  for  the  different 
heights  of  the  mercury  columns  on  the  gage  and  for  the 
lengths  of  tubing  sealed  off  above  M  and  N  to  the  stop- 
cocks. 

Method  of  Filtering  the  Amalgams. — ^After  the 
tubes  had  stood  for  several  weeks  and  the  absorption  of 
ammonia  was  complete,  2  small  bulbs  were  sealed  to  the 
sealed  stopcock  at  A  as  shown  in  Fig.  5.  After  com- 
plete exhaustion  through  Stopcock  B,  Cock  C  was 
closed  and  dry  ammonia  condensed  into  Bulb  D  through 
B.  Stopcock  B  was  then  closed  and  the  sealed  Stopcock 
S  opened.  The  containing  tube  was  then  inverted,  al- 
lowing the  amalgam  and  crystals  to  run  from  Bulb  F 
upon  the  filter  (G),  which  was  of  glass  wool  packed 
tightly.  Test  experiments  had  shown  that  this  sort  of 
filter  alloYTs  no  crystals  to  run  through  with  the  liquid 
amalgam.  Tube  T  was  immersed  in  mercury  to  a  suf- 
ficient depth  so  that  no  ammonia  gas  could  escape  ex- 
cept when  the  pressure  in  H,  due  to  compression,  was 
greater  than  the  vapor  pressure  of  the  crystals.  In  this 
way  there  was  no  tendency  for  the  crystals  to  decom- 
pose. Stopcock  C  was  now  opened  partially  so  that  the 
ammonia  vapor  from  the  liquid  ammonia  in  E  could 
slowly  force  itself  through  the  sealed  stopcock  and  back  of  the  crystals  and  amal- 
gam. As  the  ammonia  pressure  in  I  gradually  became  greater  the  liquid  amalgam 
was  forced  smoothly,  drop  by  drop,  into  the  receiving  bulb  (H).  When  the  filtering 
was  complete  the  highly  compressed  ammonia  gas  in  I  forced  itself  through  the 
crystals  and  began  to  escape  under  the  surface  of  the  mercury.  The  receiving  bulb 
was  now  sealed  off  at  T  and  at  K. 

The  filtrates  were  analyzed  for  magnesium  by  the  method  of  Gooch 
and  Austin;"  the  mercury  was  obtained  by  difference.  A  summary  of 
results  is  given  in  Table  .III  below. 

Solubility  Determinations. — ^The  solubility  term  enters  into  the  ratio 
equation  given  above,  and  this  value  was  next  determined.  Excess  of 
liquid  ammonia  was  used  in  all  cases  and  small  amounts  of  magnesium. 
Not  over  0. 2700  g.  of  magnesium  for  200. 00  g.  of  mercury  could  be  used, 
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far  otherwise  the  material  became  too  viscous  to  filter.  Using  excess  of 
liquid  ammonia,  all  of  the  magnesium  was  removed  from  the  amalgam 
except  that  due  to  the  solubility  of  the  crystals.  The  total  concentration 
of  the  magnesium  in  the  filtrate  represents  the  solubility. 

After  absorption,  the  excess  of  liquid  ammonia  was  allowed  to  escape 
and  the  amalgam  filtered  as  described  above.  Three  determinations 
gave  0.0061  g.,  0.0057  g.,  and  0.0060  g.  of  magnesium  for  100.000  g. 
of  mercury.  The  mean  of  these  values,  0.00593  g.  of  magnesium  for 
100.000  g.  of  mercury  is  chosen  as  representing  the  solubility  of  the 
crystals  in  the  amalgam  at  room  temperature  (22.4^). 

Vapor-pressure  Measurements. — In  order  to  calculate  the  number  of 
mols  of  ammonia  that  reacted  with  the  magnesium  to  form  the  crystals 
it  was  necessary  to  obtain  the  vapor  pressures  of  the  crystals  at  the  tem- 
perature at  which  the  amalgams  were  filtered.  Knowing  the  vapor  pres- 
sures and  the  volumes  of  the  containing  tubes,  the  number  of  mols  of 
ammonia  not  reacting  could  be  calculated.  The  number  of  mols  of 
ammonia  that  entered  the  crystals  was  obtained  by  subtracting  this  value 
from  the  total  number  of  mols  of  ammonia  introduced  into  the  tube. 
It  was  impossible  to  make  vapor-pressure  measurements  of  the  crystals 
which  we  wished  to  analyze,  for  a  certain  ampunt  of  decomposition  takes 
place  as  the  pressures  came  to  equilibrium.  Consequently,  amalgams 
were  made  of  the  same  concentrations  as  those  which  were  filtered  and 
approximately  the  same  amounts  of  ammonia  introduced.  After  stand- 
ing for  4  weeks  the  vapor  pressures  were  determined,  keeping  the  bulbs 
at  22.4^  in  a  water  thermostat,  constant  within  0.05^.  The  average 
temperature  at  which  the  amalgams  were  filtered  was  22.4°,  hence  this 
temperature  was  chosen  as  the  one  at  which  the  vapor  pressiu-es  were 
measured.  The  equilibrium  pressiu-e  was  reached  in  about  12  hours. 
A  table  of  results  is  given  below. 

Table  III 
Vapor-fressxtre  Msasurements 
(See  Fig.  6.  Curve  C) 
All  Measurements  in  Thermostat  at  22.4^ 


Expt. 

Magnesium 
G. 

G. 

Ammonia  introduced 
Mols. 

Vapor 
pressures 
cm.  of  Hk 

I 

0.4293 

206.490 

0.06Q6 

175.2 

2 

0.4617 

206.564 

0.0627 

171.7 

3 

0.5645 

206.878 

0.0544 

166.2 

4 

0.5696 

206.582 

0.0518 

165.9 

6 

0.5965 

206.832 

0.0633 

164.8 

The  curve  is  plotted  with  concentrations  of  magnesium  as  abscissas 
and  vapor  pressures  as  ordinates.  Using  the  vapor  pressures  and  the  vol- 
umes of  the  containing  tubes  in  which  the  amalgams  were  filtered,  the 
number  of  mols  of  ammonia  remaining  in  the  vapor  phase  is  calculated 
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and  substituted  in  the  equation  given  on  p.  15.    A  table  summarizing  all 
results  is  given  below. 

Table  IV 
Gram  Atoms  oi^  Msrcurt  Prssbnt 


don       Wi 

W'x 

N 

P 

S,A 

1 

206.490 

0.4293 

0.0610 

0.00725 

0.00026 

2 

206.564 

0.4617 

0.0624 

0.00783 

0.00020 

3 

206.582 

0.5696 

0.0519 

0.00793 

0.00020 

4 

206.832 

0.5965 

0.0636 

0.00813 

0.00016 

5 

206.686 

0.6108 

0.0586 

0.00743 

0.00020 

1                W'lorx 

34.82  W'x-Wi 

Wt 

W't 

s 

1 

0.2116 

0.2177 

106.1872 

0.1322 

18.1 

2 

0.2163 

0.2454 

82.8769 

0.1163 

17.8 

3 

0.1734 

0.3962 

91.8776 

0.2002 

17.5 

4 

0.2209 

0.3756 

64.5923 

0.1394 

18.0 

5 

0.2025 

0.4083 

86.9291 

0.2017 

18.4 

Discussion  of  Results. — ^The  average  value  of  x,  as  given  in  the  fore- 
going table,  is  17. 96,  which  represents  the  number  of  gram  atoms  of  mer- 
cury for  each  atom  of  magnesium  in  the  solid  phase.  It  appears,  in  con- 
sideration of  this  rather  large  value 
for  the  amotmt  of  mercury  in  the 
solid  phase  and  the  small  range 
of  concentration  covered  in  the 
analyses,  that  the  compotmd  mag- 
nesium hexammoniate  forms  a 
solid  solution  with  the  excess  mer- 
cury of  the  amalgam.  It  is  im- 
possible to  extend  the  measure- 
ments over  wider  ranges  of  con- 
centrations than  those  given  in 
Table  IV,  i.  e.,  between  points  A 
and  B  of  Curve  2,  for  with  larger 
amounts  of  magnesium  than  represented  by  B  of  Curve  2,  and  for  larger 
amounts  of  ammonia  than  those  given  in  Table  IV,  the  entire  amalgam 
becomes  solid  and  caimot  then  be  filtered.  Thermal  measiu-ements  are 
impracticable  in  this  case  on  account  of  the  very  slow  reaction  in  the 
system.  The  lack  of  a  sharp  melting  point  of  the  crystals  is  further 
evidence  of  the  formation  of  solid  solutions.  It  is  to  be  expected  that 
the  formation  of  solid  solutions  would  favor  the  formation  of  this  molec- 
ular compound  since  its  dissociation  pressure  is  lowered  thereby. 

It  is  interesting  to  compare  the  values  of  W'l— W'l  with  corresponding 
values  of  W\  in  the  table.  In  each  case  W'l—Wi  is  considerably  larger, 
which  indicates  the  amount  of  mother  amalgam  that  wets  the  crystals, 
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even  though  they  were  subjected  to  a  pressure  of  6  tp  7  atmospheres 
in  the  process  of  filtration  by  the  pure  liquid  ammonia  at  room  tempera- 
ture. 

Summary. 

A  description  is  given  of  the  general  properties  of  a  solid  phase  which 
separates  from  dilute  magnesium  amadgams  when  liquid  ammonia  is 
allowed  to  react  with  these  amalgams. 

Vapor-pressure  measurements  were  made  at  0°  as  ammonia  vapor 
was  removed  from  the  system,  thus  decomposing  the  solid  phase.  Prom 
phase  rule  relationships  it  was  concluded  that  two  solid  phases  were  present 
besides  the  vapor  phase,  one  at  least  of  which  was  variable  in  composition. 

Experiments  were  undertaken  to  determine  if  the  solid  phase  was  vari- 
able in  composition.  A  method  is  described  for  making  pure  amalgams 
and  determining  the  ratio  of  magnesium  to  ammonia  combined  in  the  solid 
phase.  It  is  shown  that  this  ratio  is  1  gram  atom  of  magnesium  to  6 
mols  of  ammonia  for  amalgams  of  widely  differing  concentrations. 

The  solubility  of  magnesium  in  merciuy  at  room  temperature  (22.4°) 
was  determined,  also  the  solubility  of  gold  in  pure  mercury  and  in  mag- 
nesium amalgams  at  22.4°. 

Various  methods  are  discussed  for  analyzing  the  crystals  for  mercury 
of  constitution,  and  a  ratio  equation  developed  to  determine  their  consti- 
tution by  analysis  of  the  filtrate. 

A  method  is  described  for  making  pure  magnesium  amalgams  of  known 
concentrations  and  introducing  a  known  weight  of  ptu'e  liquid  ammonia. 
The  method  of  filtering  the  crystals  from  these  mixtures  is  described  in 
detail. 

The  solubility  of  the  crystals  in  ptu'e  mercury  was  determined  at  22.4°. 

Vapor-pressure  measurements  were  made  of  mixtiu^es  of  exactly  the 
same  compositions  as  those  which  were  filtered,  and  the  results  plotted. 

Using  a  ratio  equation  containing  terms  that  take  into  account  the  weight 
of  magnesium  and  mercury  in  the  original  amalgam,  the  number  of  mols* 
of  ammonia  added,  the  splubiHty  and  vapor  pressure  of  the  crystals, 
and  the  analysis  of  the  filtrate,  calculations  are  made  for  the  amount  of 
mercury  combined  in  the  crystal.  This  value  is  found  to  be  18  gram 
atoms  of  mercury  to  1  gram  atom  of  magnesium  and  6  mols  of  ammonia. 

From  the  large  value  thus  obtained  for  the  amount  of  mercury  combined 
it  is  concluded  that  solid  solutions  are  formed  by  the  molecular  compound 
magnesium  hexammoniate  with  the  excess  mercury  present.    . 

In  conclusion  it  is  a  pleasure  to  acknowledge  my  thanks  to  the  late 
Dr.  William  Argo,  who  suggested  the  problem  and  gave  valuable  as- 
sistance;  also  to  Professor  W.  C.  Bray  for  his  helpful  suggestions  in  in- 
terpreting many  of  the  results. 
B8RK8UCY,  California  and  Washington,  D.  C. 
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[Contribution  prom  Fixed  Nitrogen  Research  Laboratory.^] 

A  METHOD  OF  DETERMINING  TRACES  OF  OXYGEN  IN 

HYDftOGEN. 

Bt  Alpred  T.  Larson  and  Ernest  C.  White. 

Received  August  22»  1921. 

Introduction. 

la  the  synthesis  of  ammonia  by  the  Haber  Process  a  convenient  and 
accurate  method  for  estimating  traces  of  oxygen  in  hydrogen-nitrogen 
mixtures  is  very  desirable.  None  of  the  existing  methods  affords  the 
degree  of  sensitivity  and  the  rapidity  of  operation  necessary  to  determine 
accurately  the  low  concentrations  to  which  this  impurity  must  be  limited. 

One  method  which  has  been  used  for  the  estimation  of  oxygen  consists 
in  passing  the  gas  over  a  contact  mass  which  converts  the  oxygen 
into  water;  the  water  is  then  collected  in  an  absorbent,  usually  phos- 
phorus pentoxide,  and  weighed.  In  order  to  collect  weighable  quantities 
of  water  a  very  large  volume  of  gas  must  be  passed  through  the  absorbent. 
For  example,  if  the  gas  contains  0.001%  of  oxygen,  62  liters  of  the  gas 
give  only  a  milligram  of  water.  Because  of  the  difficulties  involved  in 
the  complete  absorption  and  the  weighing  of  such  small  quantities  of 
water,  it  is  obvious  that  the  method  must  be  slow  and  inaccurate. 

A  colorimetric  method  has  been  developed  which  depends  upon  the 
conversion  of  colorless  cuprous  solutions  into  blue  cupric  solutions  in  the 
presence  of  oxygen.  The  intensity  of  this  color  change  is  made  a  measure 
of  the  oxygen  content  of  the  gas.  This  method  has  the  advantage  of 
being  fairly  rapid,  but  for  very  low  concentrations  of  oxygen  lacks  the 
desired  accuracy. 

We  undertook  therefore  the  development  of  a  rapid  and  accurate  method 
of  analysis  for  oxygen  in  hydrogen,  where  the  concentration  of  oxygen 
might  be  as  low  as  0.001%.  The  success  which  had  been  met  by  Lamb 
and  Larson^  in.  the  determination  of  low  concentrations  of  carbon  mon- 
oxide in  air,  suggested  the  possibility  that  this  same  principle  at  least 
could  be  applied  to  the  estimation  of  oxygen  in  a  large  excess  of  hydrogen. 
In  this  method  the  combination  of  the  trace  of  contained  oxygen  with  the 
excess  of  hydrogen  is  catalyzed  by  platinum  at  275-300°,  and  the  temper- 
ature rise  is  measured  by  a  thermocouple.  The  method  is  obviously  not 
an  absolute  one;  that  is,  the  apparatus  must  be  calibrated  by  the  use  of 
gas  mixtures  of  known  concentrations.  This  calibration  of  the  apparatus 
proved,  however,  to  be  a  very  simple  matter. 

Since  the  temperature  differences  to  be  measured  were  very  small,  the 
needs  of  this  work  called  for  much  closer  regulation  of  the  vapor  bath 
1  Published  by  permission  of  the  Secretary  of  Agriculture. 
*  Lamb  and  Larson.  Tms  Journal,  41,  1908  (1919). 
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surrounding  the  platinum  catalyst  than  had  been  fotmd  necessary  in  the 
work  on  the  determination  of  carbon  monoxide  in  air.  That  is,  the  acci- 
dental variations  in  the  vapor  bath  might  easily  mask  the  temperature 
changes  produced  by  the  reaction  on  the  platinum  catalyst.  The  de- 
scription of  the  apparatus  and  the  discussion  which  follows  will  make 
evident  the  way  in  which  the  apparatus  was  designed  so  as  to  overcome 
these  difficulties. 

Apparatus. 
As  shown  in  the  accompan3dng  diagram  the  apparatus  consists  essen- 
tially of  a  gas  train,  a  platinum  catalyst  surrounded  by  an  insulated  vapor 
bath,  a  copper-constantan  thermocouple,  and  a  high  sensitivity  galvan- 
ometer. 

A  stream  of  purified  hydrogen-nitrogen  mixture  (3:1)  obtained  by  "cracking" 
ammonia  was  passed  directly  through  the  flowmeter  C,  or  through  the  heated 
palladium-asbestos  (350®)  in  B.  Just  ahead  of  the  flowmeter  was  an  adjustable  regu- 
lator consisting  of  an  outlet  tube  immersed  in  a  movable  column  of  liquid  petrolatum. 
This  outlet  tube  facilitated  the  dose  regulation  of  the  gas  flow.  The  meter  was  of 
the  conventional  capillary  type,  and  found  to  be  accurate  within  0.5%  for  a  flow  of 
500  cc.  per  minute. 

At  D  there  was  joined  to  ^ 
the  train  the  outlet  from  an 
electrolytic  cell  E  containing 
cone,  potassitmi  hydroxide 
solution.  By  suitably  ad- 
justing the  resistance  in  P, 
the  current  from  the  storage 
battery  G,  as  indicated  by  the 
milli-anmieter  H,  could  be 
regulated  to  the  value  re- 
quired for  a  given  evolution 
of  oxygen. 

A  3-way  cock  J  was  pro- 
vided so  that  the  gas  could  be 
by-passed  through  the  phos- 
phorus pentoxide  tube  K  be-  p*     i 
fore  entering    the    catalyst  *^* 

tube.  L  was  a  wax-sealed  ground  glass  connection,  the  tubing  beyond  this  point  being 
of  Pyrex  glass. 

The  gas  entered  the  preheating  coil  M,  which  was  made  from  about  3  meters  of  4 
nmi.  tubing,  the  dimensions  of  the  coil  being  about  30  X  3  cm.  At  N  (see  enlargement 
at  right)  the  gas  entered  the  outer  tube  O.  of  10  mm.  diameter,  passing  downward  to 
its  lower  end,  then  up  through  the  inner  tube  P,  which  contained  the  platinized  plati- 
num gauze  Q  and  the  thermocouple  junctions  R  and  S.  The  "cold"  junction  R  and 
its  copper  lead  were  instilated  with  a  single  piece  of  thin-walled  capillary  glass  tubing 
shaped  like  the  letter  J.  This  insulation  was  found  to  be  necessary  in  order  to  prevent 
premature  catalysis  on  the  siu-face  of  the  copper  wire  at  or  near  the  "cold  junction," 
an  efiFect  which  might  be  sufficiently  pronounced  to  generate  an  appreciable  counter 
c.  m.  f.  and  even  give  a  "negative"  galvanometer  deflection.  The  hot  junction  was 
ioibedded  near  the  top  of  the  platinum  catalyst.    In  order  to  diminish  the  Becquerel 
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e£Fect  due  to  lack  of  homogeneity,  the  copper  wire  used  was  first  subjected  to  careful 
annealing  and  subsequently  handled  in  a  manner  to  avoid  excessive  strains. 

O'  was  a  glass  apron,  sealed  to  O,  and  designed  to  safeguard  the  uniformity  of 
temperature  in  that  region,  both  by  shedding  the  condensed  liquid  and  by  shielding 
the  interior  from  other  disturbances.  Perforations  near  the  top  of  thb  apron  allowed 
free  circulation  of  vapor,  while  the  constricted  aperture  at  the  bottom  prevented  the 
entrance  of  superheated  vapor. 

The  inner  tube  P  was  flared  and  ground  to  fit  the  mouth  of  the  outer  tube  at  T. 
This  joint  and  the  orifices  admitting  the  copper  wires  were  made  air-tight  with  sealing 
wax.    The  gas  emerged  from  the  side  arm  U. 

V  was  a  Pyrex  tube  6  X  70  cm.  employed  as  a  vapor  bath.  It  was  insnlated  with 
an  air  jacket  formed  between  it  and  an  outer  tube  wrapped  with  asbestos  paper.  The 
10cm.  length  immediately  surrounding  the  "vital"  zone  was  closely  wrapped  with  sheet 
metal.  The  bath  was  heated  by  an  electric  furnace  to  a  temperature  just  sufficient 
to  keep  the  condensation  zone  a  few  cm.  below  the  top  of  the  tube  V.  Diphenylamine, 
boiling  at  305°,  was  found  a  convenient  substance  for  the  bath,  but  it  undergoes  gradual 
alteration  and  had  to  be  renewed  occasionally.  Diphenyl  was  also  used  and  found  to 
disintegrate  less  rapidly,  but  unfortunately  its  boiling  point,  255^  is  very  dose  to  the 
minimum  temperature  at  which  platintun  will  completely  catalyze  the  combustion  of 
hydrogen.    We  found  it  safer  to  employ  diphenylamine. 

Y  was  a  Leeds  and  Northrup  high-sensitivity  galvanometer  giving  a  deflection  of 
11.0  mm.  per  microvolt  when  no  external  resistance  was  used.  It  was  mounted  on  a 
rigid  support  and  encased  in  a  wooden  box  with  a  small  glass  window,  the  box  serving 
to  maintain  a  fairly  uniform  temperature  at  the  contact  posts.  When  readings  were 
to  be  taken,  the  thermo-electric  circuit  was  closed  by  raising  the  mercury  level  in  the 
tube  W,  in  which  were  inserted  the  ends  of  the  two  wires.  The  ordinary  knife  switch 
could  not  be  used  at  this  point  because  of  the  uncertain  contact  potentials  which  it 
introduced.    No  trouble  was  experienced  with  this  mercury  contact  switch. 

Calibration. 
The  problem  of  obtaining  a  low-concentration  gas  of  known  oxygen 
content  for  use  in  calibration  presented  some  unforeseen  difficulties,  but 
the  method  finally  adopted  proved  very  satisfactory.  A  constant  flow 
of  500  cc.  (N.  T.  P.)  of  purified  hydrogen-nitrogen  mixture  was  main- 
tained through  the  apparatus,  and  was,  found  to  produce  a  slight  negative 
deflection  of  the  galvanometer.  This  deflection  was  reasonably  constant 
and  reproducible,  and  was  employed  as  a  blank  correction  for  subsequent 

Tabi^  I 
Calibration  at  Ftow  op  600  cc./min. 


Date 

Current  through 
electrolvtic 

Milli-amperes 

Oxygen 

concentra- 

Uon 

% 

Galvanometer  (cm. 
Average            Average 
reading               blank 

scale) 

Average 
deflectiM 

May  6 

2.12 

0.00148 

1.45 

-2.30 

3.75 

4.14 

0.00288 

6.60 

-2.30 

7.90 

6.27 

0.00437 

10.60 

-2.30 

12.90 

10.41 

0.00725 

20.70 

-2.30 

23.00 

May  7 

0.71 

0.00049 

-1.06 

-2.26 

1.20 

2.12 

0.00148 

1.65 

-2.25 

3.80 

3.14 

0.00218 

3.60 

-2.26 

6.86 

May  10 

10.41 

0.00725 

20.16 

-2.86 

23.00 
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readings.  The  calibration  was  then  effected  by  passing  through  the 
electrolytic  cell  a  succession  of  measured  currents,  allowing  suflBcient 
time  at  each  setting  for  a  uniform  gas  mixture  to  develop.  Since  each 
milli-ampere  liberates  82.9  X 10  ~*  mg.  of  oxygen  per  second,  an  easy  cal- 
culation gives  the  concentration  resulting  with  a  dilution  of  500  cc.  per 
minute.  Readings  of  the  galvanometer  <*'<>^- 
were  then  taken  continuously  for  a  period 
of  10  to  15  minutes,  and  were  foimd  to  reach 
a  very  constant  value  within  5  minutes. 
These  readings  are  given  in  Table  I  and 
are  shown  graphically  in  Fig.  2. 

In  the  Table  I,  the  average  galvan-  ^■^- 
ometer  reading  represents  the  mean  of  ten 
or  more  observations  at  intervals  of  30 
seconds.  Fluctuations  from  the  average 
seldom  exceeded  0.25  cm.  Blanks  on  puri- 
fied gas  were  taken  frequently  diuing  the 
runs. 

From  the  calibration   curve  it  becomes 
a  simple  matter  to  determine  the  oxygen  Fig.  2. 

content  of  an  oxygen-nitrogen-hydrogen  mixture  containing  an  im- 
known  amoimt  of  oxygen.  For  example,  on  May  6,  a  gas  which  was 
known  to  contain  0.00582%  oxygen  was  examined  by  this  method. 
Prom  the  calibration  curve  the  oxygen  content  was  found  to  be  0.00585%; 

likewise,  on  May  7,  a  gas  containing 
0.00077%  oxygen  showed  0.00079%  by  this 
method.  From  these  results  it  would  seem 
that  the  apparatus  is  satisfactory  down  to 
about  0.00003%  of  oxygen.  In  other  words, 
in  the  estimation  of  a  gas  containing  0.001% 
oxygen  the  error  would  be  about  3%. 

In  this  coimection  it  was  thought  to  be 
of  interest  to  compare  the  observed  gal- 
vanometer deflections  with  those  that  would 
be  expected  if  the  thermal  system  were 
100%  eflScient,  i.  e,,  if  there  were  no  heat 
losses  to  the  surroimdings  of  the  combus- 
tion zone.  Taking  the  average  molar  heat 
of  the  gas  mixture  at  305^  as  7.034,  and 
the  heat  liberated  from  5  X  10"*  mols.  of  oxygen  as  5.836  calories,  the 
temperature  rise  of  a  0.005%  gas  would  be  0.83°.  Assuming  the  thermo- 
«fcctric  power  of  the  copper-constantan  couple  to  be  60.0  microvolts  per 
degree  the  ejn.f.  would  be    49,8    microvolts,  and   should  produce  a 
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deflection  of  54.8  cm.  The  experimental  calibration  curve  gives  15.1 
cm.  as  the  actual  deflection  produced  by  a  gas  of  this  concentration  at 
500  cc.  per  minute,  or  about  28%  of  the  calculated  value. 

It  is  evident  therefore  that  the  heat  losses  to  the  surroundings  are 
quite  considerable.  The  relation  of  rate  of  flow  to  these  heat  losses  was 
determined  by  a  series  of  experiments  the  results  of  which  are  recorded 
in  Table  II  and  shown  graphically  in  Fig.  3. 


TablsII 

Effect  of  Rats  of  Ftow  on  E.  u.  f.  Producbd 

0.006%  Oxygen 

Rate  of  flow 
Cc./min. 

Current  through                              Galvanometer  (cm.  acale) 
electrolytic                     Average                Average 

cell                            reading                    blank 
Milll-amperea 

Average 
deflection 

100 

1.44                     -1.70              -3.80 

2.10 

200 

2.87                        1.90              -3.36 

6.25 

300 

4.31                        6.70              -3.20 

9.90 

400 

6.76                        9.70             -2.90 

12.60 

600 

8.62                      16.96             -1.70 

17.66 

700 

10.06                      19.10              -1.40 

20.60 

800 

11.60                      21.80             -0.70 

22.60 

900 

12.93                      24.60             -0.30 

24.90 

If  there  were  no  heat  losses  the  galvanometer  deflection  would  be  a  con- 
stant represented  by  the  line  A-B.  It  is  evident  from  the  manner  in 
which  the  observed  values  are  approaching  this  theoretical  value  A-B 
that  a  comparatively  high  flow  must  be  reached  before  the  variations  in 
the  rate  would  produce  negligible  effects  upon  the  galvanometer  deflec- 
tions. 

The  thermal  eflSciency  of  the  apparatus  could  no  doubt  be  greatly  im- 
proved by  vacuum  jacketing  the  catalyst,  for  example.  If  this  were  suc- 
cessful, the  galvanometer  readings  obtained  on  a  given  gas  would  be  less 
affected  by  variations  in  the  rate  of  flow  through  the  apparatus. 

Or  we  might  have  increased  the  capacity  of  the  preheating  coils  so  that 
much  higher  rates  of  flow  could  have  been  employed.  Probably  with  a 
flow  of  2000  cc.  per  minute  the  effect  of  variations  in  the  rate  of  flow  would 
have  been  smaller.  Since  the  exact  regulation  of  the  gas  flow  was  a  com- 
paratively simple  matter,  we  elected  to  calibrate  the  apparatus  for  a 
definite  rate  of  flow.  Even  with  the  very  great  heat  losses,  it  still  had 
suflScient  accuracy  to  make  it  reliable  in  determining  the  oxygen  content 
of  a  nitrogen-hydrogen  mixture. 

Certain  precautions  were  found  necessary  in  the  operation  of  this  appar- 
atus. First,  the  vapor  bath  was  never  heated  until  the  apparatus  had 
been  thoroughly  swept  out  with  oxygen-free  gas.  While-  a  large  quantity 
of  oxygen  might  not  produce  an  explosion,  still  there  is  danger  that  the 
temperature  of  the  catalyst  would  be  raised  to  such  an  extent  that  its 
activity  would  be  considerably  diminished  if  not  wholly  destroyed.    Sec- 
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ond,  the  galvanometer  was  always  discotmected  or  short-circuited  until 
the  bath  had  reached  the  proper  temperature. 

It  was  found  advisable,  when  extreme  accuracy  was  desired,  to  make 
frequent  observations  of  the  "blank"  correction  that  had  to  be  appUed 
to  the  galvanometer  readings.  Prolonged  use  of  diphenylamine  in  the 
bath  xestilts  in  superheating  of  the  lower  or  "cold"  junction  and  a  conse- 
quent negative  galvanometer  deflection  of  increasing  magnitude.  Other 
minor  causes  introduce  slight  variations.  The  method  of  making  the 
"blank"  observation  consisted  simply  in  by-passing  the  gas  stream  through 
the  heated  palladium-asbestos  and  allowing  several  minutes  for  the  train 
to  be  swept  with  the  purified  gas. 

Poisoning  of  the  platinum  catalyst  may  result  from  the  presence  of 
halogens  or  sulfur  compounds.  If  the  gas  contains  such  impurities  they 
must  be  completely  removed  before  the  gas  is  permitted  to  reach  the  cat- 
alyst. Extreme  poisoning  generally  necessitates  removing  the  platinum 
and  reactivating  it  by  ptuifying  and  replating. 

The  apparatus  described  in  this  article  was  designed  to  operate  on  a 
gas  which  did  not  contain  oxygen  in  excess  of  0.01%.  Higher  concen- 
trations of  oxygen  would  require  the  introduction  of  an  external  resistance 
in  the  galvanometer  circuit  or  the  use  of  a  less  sensitive  instrument.  How- 
ever, if  the  apparatus  be  used  to  examine  a  gas  whose  oxygen  content  is 
much  in  excess  of  0.1%,  say,  1  or  2%,  the  activity  of  the  platinum  catalyst 
may  be  lowered  considerably  and  much  of  the  oxygen  passed  through 
without  combining.  By  operating  the  whole  catalyst  at  a  higher  temper- 
ature, say  400-450°,  this  difficulty  would  no  doubt  be  obviated. 

Stmimary. 

1.  The  necessity  for  an  accurate  and  rapid  method  for  analysis  of 
oxygen  in  nitrogen-hydrogen  mixtures  has  been  explained. 

2.  A  thermometric  method  which  is  both  rapid  and  accurate  has  been 
described.  In  this  method  the  gas  mixture  is  passed  through  a  platioized 
platinum  catalyst  where  the  temperature  rise  is  measured  by  a  thermo- 
element. Deflections  of  a  galvanometer  attached  to  this  thermo-element 
are  made  the  measure  of  the  oxygen  content  of  the  gas  mixture.  Con- 
centrations of  oxygen  as  low  as  0.001%  may  easily  be  determined,  the 
error  being  about  3%. 

3.  A  device  for  introducing  a  definite  quantity  of  oxygen  into  the 
oxygen-free  gas  has  been  described.  This  facilitates  caUbration  and 
checking  of  the  apparatus.  A  specimen  caUbration  curve  has  been  in- 
cluded. 

4.  Attention  has  been  called  to  the  details  in  construction  and  the 
manipulation  of  the  apparatus  which  will  insure  its  successful  operation. 

Washington,  D.  C. 
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Fig.  1. — Diagram  of  original  circuit. 
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Chicago.] 
A  CONTINUOUS-READING  ELECTROTITRATION  APPARATUS. 

By  Kbnnqth  H.  Goods. 

Received  August  22, 1921. 

The  simplest  possible  apparatus  for  electrometric  titration,  from  a 
theoretical  standpoint,  would  be  a  sensitive  voltmeter  connected  between 
a  calomel  electrode  and  a  hydrogen  electrode.    In  practice,  however,  an 

ordinary  voltmeter  cannot  be  used,  be- 
cause the  instrument  would  consume  cur- 
rent enough  from  the  cell  to  discharge 
the  hydrogen  electrode,  and  render  it 
I  inoperative.  For  this  reason  all  types 
of  apparatus  hitherto  in  use  have  de- 
pended upon  balancing  the  unknown 
e.m.f.  of  the  cell  being  used  against  a 
variable  known  e.m.f.  produced  by  a  po- 
tentiometer system,  the  balance  being 
determined  by  a  * 'null-point"  galvano- 
meter. With  this  type  of  apparatus  a 
balance  of  potentials  must  be  made  before  each  reading  of  the  voltage, 
and  there  is  considerable  uncertainty  in  the  readings  when  the  potential  of 
the  cell  is  rapidly  changing.  The  investigation  described  in  this  paper 
has  shown  that  the  3-electrode  vacuum  valve  ("audion")  presents  almost 
the  ideal  case  of  a  'Voltmeter**  which  draws  no  current  from  the  source 
to  be  measured,  and  can  therefore  be  employed  as  a  continuous-reading 
instrument  for  determining  the  concentration  of  the  hydrogen  ion. 

The  3-electrode  valve  consists  of  a  highly  exhausted  glass  bulb  containing 
an  incandescent  filament  surrounded  by  a  grid  of  fine  wire,  which  is  itself 
surroimded  by  a  metallic  plate.  A  high  voltage  battery  of  20  to  100  volts 
connected  between  the  plate  and  the  filament  produces  a  current  through 
the  **plate  circuit,**  whose  mag- 
nitude is  a  fimction  of  the  poten- 
tial of  the  grid.  This  plate  cur- 
rent, (Ip),  may  be  considered  as 
the  sum  of  a  constant  current, 
(Jo),  which  is  independent  of  the 
grid  potential,  and  a  current 
(Ip—Io)  which  is  nearly  a  linear 
function  of  the  grid  potential.  In 
order  to  measure  (7^— 7p)  it  was 
found  necessary  to  balance  the       Fig.  2— Diagram  of  improved  circuit. 
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The  vacuum  tube  used  was  a 
"Radiotron/'  type  UV  201,  which 
was  lighted  by  means  of  a  6-volt 
storage  battery.  The  filament  cur- 
rent was  adjusted  at  1.06  amperes  by 
the  introduction  of  a  resistance  of 
about  0.6  ohms.  Under  these  con- 
ditions the  potential  of  the  battery 
was  6.1  volts,  while  that  across  the 
terminab  of  the  resistance  was  0.6 
volts.  The  plate  battery  was  a 
22.&>volt  unit,  giving  a  steady  plate 
current  (/•)  of  0.00045  amperes.    It 


current  Jo  with  an  equal  current  in  the  opposite  direction.  The  re- 
maining current  is  measured  with  a  galvanometer  or  micro-ammeter,  which 
may  be  calibrated  to  read  di- 
rectly in  volts,  or  in  Sorensen 
units  (Ph).  With  the  proper 
connections,  the  current  in  the 
grid  circuit,  through  the  titra- 
tion cell,  is  negligible,  so  that 
no  circuit-breaking  key  is  re- 
quired, and  the  ciurent  (Ip—Io) 
indicates  at  each  moment  the 
potential  of  the  hydrogen  elec- 
trode. 


I 


-1.26     -1.0    -0.76     0.6  0 

(Volts  to  -  end  of  fil.) 

-6.75    -6.6    -6.25     6.0  -5.5 

(Volts  to  -f-  end  of  fil.) 

Fig.  3. — Variation  of  (Ip  —  /,)   with  potential 

of  grid. 

was  at  first  thought  that  this  steady  current  could  be  balanced  by  the  torsion  of  the 
galvanometer  suspension,  but  this  was  found  impracticable  because  of  a  steady  shift  of 
the  zero  point.  It  was  found  possible,  however,  to  balance  the  steady  current  by  an 
equal  and  opposite  current  produced  by  a  dry-ceU  acting  through  about  3000  ohms 
or  resistance,  R  (Pig.  1).  The  circuits  were  later  simplified,  and  a  more  steady  zero 
point  obtained  by  replacing  this  battery  by  the  potential  difference  at  the  terminals 


^1.25     - 


-0.6  0  -1-0.5 

(Volts  to  —  end  of  filament) 

—  6.5  -6.0  -5.6  -5.0 

(Volts  to  -f-  end  of  filament) 

Fig.  4. — ^Effect  of  potential  on  grid  current. 
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of  the  filament  resistance,  acting  through  an  adjustable  resistance,  R',  of  about  1300 

ohms  (Fig.  2). 

In  order  to  obtain  a  steady  zero  point,  the  filament  current  must  be 

maintained  at  a  constant  value,  which  is  possible  only  by  protecting  the 

filament  resistance  and  its  connecting 
wires  from  slight  changes  of  tempera- 
ture. With  this  precaution  a  per- 
fectly steady  and  reliable  zero  point 
is  assured. 

For  measuring  the  current,  I^— Jo, 
a  D'Arsonval  galvanometer,  G  (Figs. 
1  and  2),  having  a  sensitivity  of 
0.62X10~*  amperes  per  scale  divi- 
sion^ was  employed.  By  using  a  shunt 
of  25  ohms,  the  sensitivity  was  re- 
duced to  10.1  X  10~*  amperes  per  scale 
division,  which  corresponded  very 
closely  to  one  Sorensen  unit  (Ph)  for 
each  scale  division  under  the  con- 
ditions in  which  it  was  finally  used. 
Fig.  3  shows  the  calibration  curve 
under  these  conditions,  the  abscissas 
being  the  potentials  of  the  grid  in 
volts,  and  the  ordinates  the  values 
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of  Ip—Io  in  scale  divisions.  Al- 
though necessarily  situated  on  a 
curve,  the  points  lie  within  1% 
of  the  straight  line,  representing 
a  Unear  relation  between  Ip—Io  § 
and  the  corresponding  Sdrensen  -i 
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The  current  in  the  grid  circuit  ^ 
of  an  audion  depends  upon  the  ^ 
potential  of  the  grid,  measured 
with  respect  to  the  positive  ter- 
minal of  the  filament;  and  at  po- 
tentials near  zero,  (i.  ^.,  with  the 
titration  cell  connected  between 
the  grid  and  the  positive  end  of  the 
filament),  the  ciurent  is  so  great 

»  Deflections  were  observed  by  means  of  a  telescope  and  scale,  both  located  about 
40  cm.  from  the  galvanometer  mirror,  the  scale  divisions  being  each  1  cm.  in  length. 
The  apparent  angular  displacement  of  the  scale  per  micro-ampere,  with  the  25-ohm 
shunt,  would  then  be  O'^S'SO^  or  0.0025  radians. 
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Cc.  NaOH. 
Fig.  6.— Titration  of  H1PO4. 
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as  to  discharge  the  hydrogen  electrode  immediately.  When  the  grid  is  given 
a  n^ative  potential,  however,  the  current  decreases,  becoming  zero  at  about 
—7  volts.  Fig.  4  indicates  this  effect,  the  ordinates  being  in  this  case 
scale  divisions  of  a  "Cenco"  null-point  galvanometer  (1  scale  division 
=  12X10~*  amps.),  while  the  abscissas  are,  as  before,  the  potential  of  the 
grid  in  volts.  Potentials  near  —5.5  volts  are  conveniently  obtained  by 
connecting  the  titration  cell  between  the  grid  and  the  negative  end  of  the 
filament.  By  connecting  the  hydrogen  electrode  to  the  grid  and  the  calo- 
mel electrode  to  the  filament,  potentials  between  —5.8  and  —6.7  volts  are 
obtained,  within  which  range  the  grid  current  is  entirely  negligible. 

Typical  titration  curves  obtained  with  this  arrangement  are  shown  in 
Figs.  5  and  6.  In  these  cases,  and  for  all  titrations,  the  terminals  of  the 
galvanometer  were  reversed  and  the  resistance  R'  adjusted  at  such  a  value 
that  the  scale-reading  was  zero  when  the  Sorensen  value  was  zero.  By  a 
careful  adjustment  of  the  shunt  resistance,  the  scale  divisions  will  now 
directly  indicate  the  Sorensen  values  in  the  titration  cell.*  Some  difficulty 
was  experienced  in  getting  constant  readings  in  regions  of  the  curves  where 
the  Sorensen  value  changes  abruptly,  because  the  stirring  necessary  to 
produce  a  homogeneous  solution  resulted  in  a  momentary  decrease  in  the 
potential  of  the  hydrogen  electrode  of  about  0.02  yolts.  For  this  reason 
it  was  found  necessary  to  stop  stirring  about  2  seconds  before  each  reading 
was  taken.  With  a  constant  stirring  apparatus  it  might  be  possible  to 
allow  for  this  effect. 

The  sensitivity  of  the  apparatus  described  in  this  paper  is  of  the  order 
of  0.1  Sdrensen  unit,  or  0.006  volts.  By  merely  employing  a  galvanometer 
scale  capable  of  being  read  to  0.01  scale  division  (defined  as  before), 
the  sensitivity  might  be  increased  tenfold,  but  unless  the  effect  of  stirring 
mentioned  above  is  nullified,  further  improvement  in  this  direction  would 
seem  useless. 

The  writer  wishes  to  express  his  appreciation  of  the  advice  of  Dr.  Gerald 
L.  Wendt  in  connection  with  this  work. 

Chicago,  Iujnois. 

*  In  the  titrations  of  Figs.  5  and  6,  however,  adjustment  could  only  be  made  to  the 
nearest  ohm  (25  ohms),  and  14  Sdrensen  units  are  here  represented  by  12.8  scale 
divissoos. 


Digitized  by  LjOOQ IC 


30  RALPH  W.  G.  WYCKOW  AND  BUGSN  POSNJAK. 

[Contribution  from  the  Gsoprysical  Laboratory  of  ths  Carnbgib  Institution 

OF  Washington.] 

THE   CRYSTAL    STRUCTURES    OF   THE    CUPROUS    HALIDES. 

By  Ralph  W.  G.  Wyckoff  and  Eugen  Posnjak. 

Received  September  1.  1921. 

Introduction. 

This  determination  of  crystal  structure  will  outline  the  manner  of  ap- 
plication of  the  general  method  of  study  based  upon  the  results  of  the 
theory  of  space  groups*  to  cubic  compounds  of  the  type  RX  (where  R 
and  X  are  atoms  of  the  same  valence)  when  all  of  the  diffraction  data 
are  furnished  by  a  study  of  the  powder  photograph  from  the  crystal  imder 
investigation. 

In  order  to  arrive  at  a  definite  structure  for  such  a  crystal  it  is  necessary 
to  make  the  assumption  that  its  structure  is  simple,  since  the  present 
lack  of  precise  knowledge  concerning  the  laws  whidi  govern  the  scatter- 
ing of  X-rays  by  different  atoms  makes  it  impossible  to  eliminate  with 
certainty  the  one  or  more  complicated  structures  which  can  be  equally 
well  brought  into  qualitative  agreement  with  the  observed  diffraction 
data  from  any  crystal.  Because  no  crystals  of  this  type  have  as  yet  been 
found  for  which  it  is  necessary  to  assign  a  structure  containing  more  than 
4  molecules  within  the  unit  cell  in  order  to  arrive  at  a  qualitative  agreement 
with  the  experimental  results,  discussion  will  be  here  limited  to  possible 
structures  having  not  more  than  4  molecules  in  the  unit. 

The  Crystalliiie  Material. — ^The  cuprous  halides  were  prepared  in  the  ordinary 
fashion,  the  chloride  and  bromide  by  the  reduction  of  the  corresponding  cupric  salts 
with  sulfur  dioxide,  the  iodide  by  the  reaction  between  a  cupric  salt  and  potassium 
iodide.  The  copper  iodide  prepared  in  this  fashion  was  sufficiently  fine  grained  so  that 
it  could  be  immediately  formed  into  a  suitable  film  with  collodion.  Some  difficulty 
was  experienced  in  preparing  films  of  the  other  two  salts  because  of  the  readiness  with 
which  they  undergo  oxidation.  They  were  finally  obtained  in  suitable  films  by  the  use 
of  molten  Canada  balsam. 

Several  unsuccessful  attempts  were  made  to  grow  crystals  of  the  iodide  of  suffi- 
cient size  so  that  reflection  photographs  from  a  known  crystal  face  might  be  made 
to  give  the  number  of  molecules  to  be  associated  with  the  unit  cube.  Several  large 
and  externally  well-formed  dodecahedrons  (more  than  0.5  cm.  in  diameter)  of  the 
cuprous  chloride'  were  available  for  study.  Attempts  to  prepare  Laue  photographs 
with  sections  from  several  of  these  specimens  invariably  led  to  photographs  showing 
only  a  few  scattered  and  much  distorted  spots.  Several  efforts  to  obtain  reflection 
spectra  by  the  usual  rotating  crystal  method  from  both  the  cube  and  the  dodecahedral 
faces  and  using  both  the  L-radiation  of  tungsten  and  the  K-radiation  of  molybdenum 
were  likewise  failures. 

^  Niggli,  "Geometrische  Krystallographie  des  Discontinutuns/'  Gebriider  Bom- 
traeger,  Berlin,  1919. 

Ralph  W.  G.  Wyckoff,  Am.  J.  Set.,  1,  138  (1921),  etc. 

■These  crystals  were  provided  through  the  coiutesy  of  H.  E.  Mcrwin  of  this 
laboratory. 
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The  reflections  from  the  powder  fihns  that  were  made  in  the  way  ah-eady 
outlined  were,  however,  satisfactory.  The  powder  spectrograph  was 
the  same  as  that  previously  used  by  one  of  us'  and  resembles,  though  it 
is  of  smaller  size  and  does  not  possess  so  many  arrangements  for  the  shield- 
ing from  secondary  radiation,  a  spectrograph  recently  described.*  Satis- 
factory results  were  achieved  by  using  simply  a  zirconium  oxide  filter 
which  was  in  contact  with  and  covered  the  entire  face  of  the  photographic 
film.  This  screen  thus  served  the  double  purpose  of  rendering  the  primary 
rays  monochromatic  and  of  absorbing  secondary  radiation  from  both  the 
spectrometer  and  the  crystalline  film.  Such  a  filter  in  contact  with  the 
photographic  plate  is  a  necessity  if  any  diffraction  is  to  be  recorded  in 
the  case  of  the  cuprous  bromide  because  of  the  very  large  amount  of  second- 
ary radiation  emitted,  for  the  most  part,  by  the  bromine  of  the  salt. 

Because  of  discrepancies  in  the  recorded  values  redeterminations  of 
the  density  of  cuprous  chloride  and  cuprous  iodide  were  made  by  a  pyc- 
nometer  method.*  The  density  of  the  chloride  at  30°  against  water  at 
4°  was  thus  found  to  be  4.136,  for  the  iodide  5.667.  The  only  recorded 
value  of  the  bromide,*  p=4.72  is  in  good  agreement  with  the  diffraction 
measurements. 

The  symmetry  of  the  crystals  of  the  cuprous  halides  is  described  as  that 
of  the  tetrahedral  class  (hemimorphic  hemihedry)  of  the  cubic  system. 
•  The  arrangement  of  the  atoms  in  the  unit  cells  of  these  crystals  must  there- 
fore be  defined  by  special  cases  of  one  of  the  space  groups,  Td*— T^^, 
having  tetrahedral  S3anmetry. 

The  Possible  Arrangements  of  the  Atoms  in  the  Unit  Cells. 
One  Chemical  Molecule  within  the  Unit, — There  is  but  one  way  of 
placing  a  single  molectde  of  a  compotmd  RX  within  the  unit  so  that  the 
arrangement  possesses  cubic  S3anmetry.  These  two  special  cases  having 
a  single  equivalent  position  within  the  unit  are  special  cases  of  the  space 
group  Td*.  On  the  basis  of  the  arrangement  of  its  equivalent  positions  (or 
atomic  positions)  the  S3anmetry  of  this  possible  grouping  is  that  of  the 
holohedry  of  the  cubic  system.  Any  lower  degree  of  symmetry,  such  as 
is  evident  in  the  case  of  crystals  of  the  cuprous  halides,  would  be  attributed 
to  some  lack  of  symmetry  in  the  atoms  themselves.  This  possible  struc- 
tm^^  for  the  crystals  under  investigation  is  as  follows. 

•Wyckoff.  Am.  J.  Set.,  2,  244  (1921). 
*HuU,  Phys.  Rev.,    [2]   17,  571   (1921). 

*  Johnston  and  Adams,  This  Journal,  34,  566  (1912). 

•  Groth,  "Chemische  Krystallographie,"  Wilhelm  Kngelmann,  Leipzig,  1906,  Vol. 
1,  p.  199. 

'  The  results  hi  this  paper  dealing  with  all  of  the  possible  arrangements  for  the 
atoms  in  these  crystals  are  based  upon  a  complete  analytical  expression  of  the  results 
of  the  theory  of  space  groups  prepared  by  one  of  the  present  writers  but  as  yet  unpub* 
Ushed. 
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Cu:  000. 

X:  m- 

Two  Molecules  within  the  Unit  Cell. — There  is  no  possible  way  of 
arranging^^2  molecules  of  a  compound  of  the  type  RX  within  a  unit  cell 
so  that  the  resulting  structure  will  exhibit  cubic  symmetry. 

Three  Molecules  within  the  Unit  Cell. — But  one  way  of  placing  3 
molecules  of  a  compound  RX  within  a  unit  cube  is  possible.  This  arrange- 
ment, also  a  special  cadei  of  the  space  group  T^\  is  as  follows. 

(3a)  Cu:  HO;iOj;OH. 

X:  OOi;  OiO;  iOO. 
In  this  arrangement  again  a  degree  of  symmetry  lower  than  that  of  the 
holohedryof  the  cubic  system  must  be  accounted  for  by  some  dissym- 
metry in  the  shape  of  the  atomic  fields  of  force. 

Four  Molecules  within  the  Unit  Cell. — Two  space  groups  exhibiting 
tetrahedral  symmetry  have  special  cases  with  4  equivalent  positions  in 
the  unit  cell.  The  possible  structiwes  derived  from  one  of  these,  T^*, 
are 

(4a)  Cu:  000;  HO;  M;  Oii 
X:  iH;OOi;OiO;iOO. 
This,  the  ''sodium  chloride  arrangement/'  has  in  the  grouping  of  its  atoms 
holohedral  symmetry. 
(4b)  Cu:  000;  iiO;  M;  Oii 

X:m;iH;fif;fH. 

The  sjrmmetry  of  the  arrangement  of  the  atoms  in  this,  the  ''zinc  sulfide 
structure,"  is  tetrahedral. 

The  arrangement  of  the  atoms  in  the  third  of  the  possible  structiu"es' 
containing  four  molecules  in  the  unit  also  gives  tetrahedral  s)rmmetry. 
This  structure  is  derived  from  the  space  group  Td^    It  is  as  follows: 
(4c)  Cu:  uuu;  ufltt;  aufi;  flflu. 
X:  vw;  vvv;  vvv;  vvv 

The  values  of  the  coordinates  u  and  v  can  lie  anywhere  between  zero 
and  unity. 

The  Choice  of  the  Correct  Structures. 
Using  the  customary  expression*  for  the  calculation  of  the  intensity 
of  reflection  from  any  arrangement  of  atoms,  and  taking  A  as  the  sum- 
*  If  as  is  conceivable,  though  not  probable  perhaps,  in  the  light  of  the  existing 
cnrstallographic  studies  of  these  crystals,  their  symmetry  is  really  tetartohedral,  then 
one  more  structure  which  likewise  contains  four  molecules  within  the  unit  cube  is  pos- 
sible.   This  grouping,  which  is  isomorphous  with  the  space  group  T*,  is  as  follows: 
(4d)  Cu:   uuu;   u-hj,^— u,fi;   u,  u-hi,i— u;    i-u,u,u-hi. 
X:    vw;    v+^,i-v,9;    >^,v-h|,|— v;    |-v,>^,v-|-|. 
A  discussion  of  this  possible  structure  in  relation  to  the  X-ray  diffraction  data  will  be 
given  in  a  foot-note  at  a  later  point. 
» Wyckoff,  Am.  J.  Sci.,  50,  317  (1920). 
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mation  of  its  cosine  tenns  and  B  as  the  summation  of  the  corresponding 
sine  terms,  the  diffraction  effects  to  be  expected  from  copper  and  halogen 
atoms  placed  in  each  of  these  possible  groupings  can  be  readily  calculated. 
They  are  for 

Arrangement  (la): 
When  the  indices  of  the  reflecting  plane  are  two  odd  and  one  even 
A=R+X  for  all  values  of  n,  where  R  and  X,  the  scattering  powers  of 
the  atoms  of  R  and  of  X,  are  to  be  taken  as  roughly  proportional  to  the 
atomic  numbers  and  where  n  is  the  order  of  the  reflection. 

For  indices  two  even  and  one  odd,  or  all  odd,  A  =  R— X  when  n  is  odd, 
A=R+X  when  n  is  even.    In  all  cases  B=0. 

Arrangment  (3a):  ^    ^  _     _ 

For  indicestwo  odd  ond  one  even,  A=R+X,  when  n  is  odd,  A=3(R+X) 
when  n  is  even.  For  indices  two  even  and  one  odd,  A=R— X  when  n  is 
odd,  A=3(R+X)  when  n  is  even.  For  indices  all  t?cW  A=3(R— X)  when 
n  is  odd,  A=3(R+X)  when  n  is  even.    In  all  cases  B  =  0. 

Arrangement  (4a): 
For  indices  two  even  and  one  odd,  or  two  odd  and  one  even,  A^O  when 
n  is  odd,  A=4(R+X)_when  n  is  even.     Forindicesa//(xW,  A=4(R— X) 
when  n  is  odd,  A=4(R+X)  when  n  is  even.    In  all  cases  B=0. 

Arrangement  (4b) :  _    _^ 

For  indices  two  even  and  one  odd,  A=0  when  n  is  odd,  A=4(R=*=X 

when  n  is  even,  +  when  n=4,  8 ,  —  when  n=2,6 For  indices 

two  odd  and  one  even,  A=0  when  n  is  odd,  A=4(R+X)  when  n  is  even. 
In  both  of  these  cases  B=0.    For  indices  all  odd,  A=4R,  B=4X  when 

n  is  odd',  A=4(R=fc'X)  when  n  is  even,  +  when  .n=4,8 —  when 

n=2,6 ,  B=0. 

Arrangement  (4c): 
A=R[cos  2irnw(h+k+l)+cos  21rntt(h-•k-l)+cos21rntt(k--b-l)  + 
cos  2t  nii(l— h— k)]+X[a  similar  term  in  v].    B  =  a  sine  term  similar  to 
the  cosine  term. 

From  these  values  of  A  and  B  the  approximate  intensity  of  reflection 
(I')  from  any  plane  khl  can  be  calculated  for  each  of  these  arrangements 
through  the  use  of  the  customary  expression 

I'  00  (d/n)«  (A»+B») 
the  spacing  dkw  of  any  plane  being  obtained  as  usual  from  the  relation 

,  dioo 

Vh«  +  k«  -f  1* 
The  intensity  (I)  of  a  line  in  a  powder  photograph,  the  product  of  this 
I'  into  the  number  of  planes  (s)  in  the  crystal  form  to  which  the  plane 
hkl  is  assigned,  has  thus  been  written 
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dioo  being  written  as  unity.  The  constants  of  the  spectrometer  being 
known  from  a  standardization  with  sodium  chloride,  it  is  a  simple  matter 
to  derive  from  the  ecfuation  dioo=wM/p  (where  m=the  number  of 
molecules  in  the  unit  cube,  M=the  mass  of  one  molecule  of  the  salt 
and  p=its  density)  the  positions  upon  a  spectrogram  of  the  reflections 
from  any  plane  of  atoms  for  each  of  the  possible  structiu^s.  The  carry- 
ing out  of  these  two  calculations,  one  of  the  intensity,  the  other  of  the 
positions  of  the  reflections  from  all  atomic  planes,  furnishes  the  manner 
of  completely  predicting  the  diffraction  effects  that  would  be  obtained 
from  the  atoms  of  the  substance  under  investigation  arranged  according 
to  each  of  the  possible  crystal  structures. 

The  intensities  of  reflection  and  the  positions  of  the  four  strongest 
spectrum  lines^®  thus  calculated  for  each  of  the  possible  arrangements, 
except  (4c),  and  for  each  of  the  salts  under  investigation  are  given  in 
Tables  I— IV.  The  observed  positions  of  the  spectrum  lines  and  an 
estimate  of  their  relative  intensities  are  given  for  these  crystals  in  Table 
V.  Because-of  the  uncertain  character  of  the  assumed  values  of  the  scat- 
tering powers  of  the  different  atoms  and  the  approximate  nature  of  the 
assumption  that  I  oo  (d/n)*,  no  more  than  a  qualitative  agreement  is 
to  be  expected  between  the  observed  estimations  of  intensity  and  those 
calculated  for  the  correct  structures.  It  will  be  observed  that  of  these 
various  possibilities  the  only  one  which  presents  any  agreement  with  ob- 
servation is  grouping  (4b),  the  "zinc  sulfide  structure."  Furthermore 
it  will  be  seen  that  the  qualitative  agreement  in  this  case  is  good."  TV»i^ 
leaves  no  doubt  but  that  the  correct  structure  for  these  cuprous,  halides 
is  in  each  case  either  precisely  the  "zinc  sulfide  arrangement"  or  a  dose 
approach  to  it.  A  consideration  of  the  other  possible  grouping,  (4c), 
shows  that  it  is  not  possible  to  assign  such  values  to  u  and  v  that  the 
resulting  structure  is  an  approach  to  (4b).  It  can  then  be  definitely  con- 
cluded that  if  their  structures  are  simple  ones  and  if  their  symmetry  is 
really  that  of  the  tetrahedral  class  of  the  cubic  system,  ^^  the  crystal  struc- 
tures of  cuprous  chloride,  cuprous  bromide  and  cuprous  iodide  are  in  each 
case  given  by  the  "zinc  sulfide  arrangement."    The  lengths  of  the  sides 

>^  In  this  instance  no  more  lines  are  necessary  to  establish  the  structures. 

>^  It  is  known  from  the  experimentally  established  "normal  decline"  of  intensity 
with  spacing  that  this  decline  is  at  a  rate  faster  than  the  square,  as  here  assumed.  All 
of  the  discrepancies  between  the  calculated  and  the  estimated  intensities  both  in  the 
case  of  those  lines  which  are  discussed  and  for  other  lines  observed  in  the  spectra  but 
not  recorded  are  fotmd  to  be  in  accord  with  this  fact. 

>*  If  the  structure  were  tetartohedral,  then  grouping  (4d)  becomes  a  possibility 
(see  Ref.  11).  If  in  this  grouping  «  =  0  and  v  =  V4  the  structure  that  results  is  identi- 
cal with  (4b).  It  is  evident  that  qualitative  agreement  with  experiment  would  also 
be  ensured  for  values  of  u  close  to  but  not  exactly  equal  to  0  and  for  values  of  v  close 
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of  the  unit  cube,  as  calculated  from  the  three  strongest  lines  in  each  spec- 
trum are 

A.   U. 

Cuprous  chloride 6 .49 

Cuprous  bromide 5 .82 

Cuprous  iodide 6 .  10 


Tablb  I 

Arrangbmhnt  (la) 

Plane 

n 

Calculated   Spacings 

Calculated    Intensity 

CuCl 

CuBr 

Cul 

CuCl 

CuBr 

Cul 

no 

(1) 

2.40 

2.60 

2.69 

12.670 

"  24.420 

40.000 

112 

(1) 

1.39 

1.50 

1.55 

8.480 

16.350 

26.800 

132 

(1) 

0.91 

0.98 

1.02 

7.270 

15.090 

22.900 

130 

(1) 

1.07 

1.16 

1.20 
Tablb  II 

5.090 

9.830 

16.100 

Arrangbmbnt  (3a) 

Plane 

n 

Calculated   Spacings 

Calculated    Intensity 

CuCl 

CuBr 

Cul 

CuCl 

CuBr 

Cul 

100 

(2) 

2.45 

2.65 

2.74 

28.600 

55.300 

90.800 

110 

(2) 

1.73 

1.87 

1.94 

28.300 

55.000 

90.200 

120 

(2) 

1.09 

1.18 

1.22 

22.700 

43.900 

72.000 

112 

(2) 

1.00 

1.08 

1.12 
Tablb  III 

19.000 

36.700 

60.250 

Arrangbmbnt  (4a) 

Plane 

n 

Calculated    Spacings 

Calculated    Intensity 

CuCl 

CuBr 

Cul 

CuCl 

CuBr 

Cul 

100 

(2) 

2.70 

2.92 

3.02 

50.700 

98.000 

161.300 

110 

(2) 

1.90 

2.06 

2.13 

60.300 

97.300 

160.100 

120 

(2) 

1.20 

1.30 

1.35 

40.300 

77.900 

128.000 

112 

(2) 

1.10 

1.19 

1.23 
Tablb  IV 

33.600 

65.200 

107.200 

Arrangbmbnt  (4b) 

Plane 

n 

Calculated   Spacings 

Calculated    Intensity 

CuCl 

CuBr 

Cul 

CuCl 

CuBr 

Cul 

110 

(2) 

1.90 

2.06 

2.13 

50.500 

98.000 

160.000 

111 

(1) 

3.12 

3.37 

3.49 

47.900 

88.000 

146.500 

113 

(1) 

1.62 

1.76 

1.82 

•39.300 

72.000 

119.500 

112 

(2) 

1.10 

1.19 

1.23 

33.750 

65.300 

107.000 

133 

(1) 

1.23 

1.31 

1.38 

22.700 

41.500 

69.200" 

"  Though  the  calculated  intensity  of  this  line  is  less  than  that  of  two  others 
(not  given),  it  is  more  intense  upon  the  photographs  than  even  (112).  This,  however, 
b  not  unexpected  because  of  its  greater  spacing.    See  Ref.  11. 
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Tabus  V 

Obssrvsd  Valubs 

Observed  Spadngs 

(10  -  the  strongest  line) 

CuClM                 CuBr 

Cttl 

Cua              CuBr                Cttl 

3.18               3.37 

3.62 

10               10               10 

1.93               2.04 

2.16 

8                8                9 

1.66               1.76 

1.84 

7                 6                 8 

1.26                1.31 

1.38 

0.3             2                 2 

1.14               1.18 

1.24 

0.1             1                 1 

The  Chemical  Significance  of  these  Crystal  Structures. 
It  has  previously  been  pointed  out"  that  with  compoimds  of  a  certain 
type  (the  valence  compounds,  in  which  the  chemical  bonds  are  electrons 
shared  by  two  atoms)  there  might  be  such  a  connection  between  the 
positions  of  the  atoms  and  their  chemical  valence  as  would  enable  the 
prediction  of  the  manner  of  combination  of  the  atoms  of  a  compound  from 
the  arrangement  of  its  atoms.  It  was  also  shown  that  all  of  the  structures 
thus  far  studied  with  the  X-rays  were  in  agreement  wih  this  idea.  A 
"zinc  sulfide  arrangement"  of  the  atoms  of  a  compound  of  the  type  RX, 
where  both  R  and  X  are  monovalent  atoms,  is  not  to  be  anticipated,  how- 
ever, upon  these  simple  grounds.  As  a  consequence  of  this  study  of  the 
cuprous  halides,  then,  it  will  evidently  be  necessary  to  abandon  these 
simple  considerations  and,  when  attempting  to  correlate  crystal  structure 
and  the  nature  of  chemical  combination,  to  view  such  factors  as  the  shapes 
and  sizes  of  atoms  as  important  in  determining  the  arrangement  of  the 
atoms  in  crystals. 

Summary. 
Cuprous  chloride,  cuprous  bromide  and  cuprous  iodide  all  have  the 
"zinc  sulfide  arrangement"  of  their  atoms  in  crystals.    The  lengths  of 
the  sides  of  the  imit  cubes  in  the  three  cases  are  5.49  A.  u.,  5.82  A.  u. 
and  6.10  A.  u. 

Washington,  D.  C. 

i«  These  values  are  uniformly  higher  than  the  calculated  spadngs  so  that  there 
can  be  no  doubt  that  the  new  determination  of  density  is  somewhat  in  error.  Its 
value,  calculated  from  the  observed  spadngs,  becomes  "3,93, 

«  Wyckoff,  J.  Wash.  Acad.  Set.,  9,  666  (1919);  J,  Franklin  Inst.,  IQl,  199  (1921). 
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[Contribution  prom  ths  Ksnt  Chshzcal  Laboratort  of  ths  Univbrsity  of 

Chicago.] 

THB  SEPARATION  OF  ISOTOPES.    THEORY  OF  RESOLUTION 
OF  ISOTOPIC  MIXTURES  BY  DIFFUSION  AND  SIMILAR  PRO- 
CESSES.    EXPERIMENTAL    SEPARATION    OF    MERCURY    BY 
EVAPORATION  IN  A  VACUUM. 

Bt  Robbrt  S.  Mui«likbn  and  Wiluam  D.  Harkins. 

Receiyed  September  2,  1921. 

Introduction. 

In  January,  1920,  Harkins  and  Broeker  obtained  by  the  method  of 
diffusion  a  separation  of  the  isotopes  of  chlorine  amounting  to  a  difference 
of  density  of  1.55  parts  per  thousand.^  About  6  months  later  Br5nsted 
and  von  Hevesy  reported  a  much  smaller  resolution  of  the  isotopes  of 
mercury,  amotmting  to  about  50  parts  per  million  difference  in  density, 
obtained  by  an  evaporation  at  low  pressure.^  The  work  of  Harkins  and 
Broeker  has  been  confirmed  by  Harkins  and  Hayes  in  an  entirely  inde- 
pendent separation  of  the  isotopes  of  chlorine  by  the  use  of  the  same 
method  as  before,'  a  difference  in  density  of  1.1  parts  per  thousand  being 
obtained.  In  the  work  on  chlorine  very  elaborate  purifications  were 
made  with  the  materials  obtained,  before  the  density  determinations  were 
made.    This  makes  the  evidence  for  the  separation  conclusive. 

Preliminary  to  more  extensive  work  on  the  separation  of  isotopes,  and 
as  a  guide  to  the  choice  of  favorable  substances  for  experimental  work, 
the  theory  of  the  separation  of  isotopes  by  various  types  of  diffusion  or  by 
non-equilibrium  evaporation  has  been  studied.  Equations  have  been 
developed  which  show  the  rate  of  separation  to  be  expected  in  such  pro- 
cesses, for  any  given  mixture  of  isotopes.  A  classification  of  methods  which 
have  been  proposed  for  separating  isotopes  is  also  given.  Molecular  isotopes 
are  discussed,  and  formulas  are  given  for  calculating  the  number  and  mol- 
fractions  of  the  various  molecular  isotopes  of  a  compotmd  containing 
given  isotopic  elements.  With  the  intention  of  comparing  the  ^dendes 
of  the  diffusion  and  evaporation  methods,  a  partial  separation  of  mercury 
mto  isotopes  has  been  made,  amoimting  to  a  difference  in  density  of  133 
parts  per  million.  This  is  important  in  that  it  confirms  the  work  of  Bron- 
sted  and  von  Hevesy  who,  in  their  presumably  preliminary  note,  give  no 
special  evidence  that  their  mercury  was  entirely  pure.  Furthermore, 
the  results  agree  completely  with  the  theory  which  is  developed  in  this 
paper. 

»  Harkins.  Phys.  Reo.,  15,74  (1920);  Science,  N.  5.,  51, 289-291  (1920);  Nature,  105, 
230-1  (1920). 

'  Bronsted  and  von  Hevesy,  Nature,  106,  144  (1920). 

*  Harkins  and  Hayes»  Tms  Journal,  43,  1803  (1921). 
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Notation. 
(Letters  preceded  by  a  (*)  in  the  following  list  are  always  used  with  one  of  the  sub- 
scripts 1, 2, — d — b — 5 — »,  each  of  which  is  used  to  refer  to  a  particular  molecular  species; 
a  and  b  refer  to  any  molecular  species,  s  and  n  to  the  last  of  ^  set  or  series.    Letters 
preceded  by  a  (+)  may  be  used  with  the  subscript  o  to  denote  initial  values  of  the 
quantities  to  which  they  refer,  for  example,  No,  (iVi)o  («a)o. 
(*)iV       =rate  of  flow  in  mols  per  sec. 
(•\-)N     =  total  number  of  mols  of  material  in  residue  at  any  time  during  a  dif- 

usion 
{*•}•) N  =» number  of  mols  of  an  individual  component  in  the  residue 
( *  4- )«     =  mol-f raction 

(*)jc        » increase  in  mol-f  raction  of  a  component  over  its  initial  value,  in  the 
residue;  {*)A^x,  in  the  total  condensate;  (*)A^^x,  in  the  instantaneous 
condensate 
M  » ordinary  (average)  molecular  weight 

(*)Jlf      =  molecular  weight  of  a  particular  isotope 

AJf,  A^Jf,  A*^Jlf,  increase  in  molecular  weight  of  residue,  total  con- 
densate, and  instantaneous  condensate,  respectively 
k^a  ^^-^Mi/Mg,  where  c  is  between  2  and  1 ;  for  example  ifeS  =*^ V  Mi/Mt 

R  =gas  constant 

T  =  absolute  temperature 

(*)p  ^'sattu^ted  vapor  pressure  (or,  gaseous  pressure  in  general) 

r  =  radius  of  capillary  tube;  /» length  of  same 

(•)  X  =  mean  free  path  of  gas  molecules 

(*)c  =  mean  velocity  of  gas  molecules 

(*)n  ==  number  of  mols  or  molecules,  per  cc. 

(•)  —      =  concentration  gradient 
5z 

(*)dis,  dts,  etc.  =  distance  between  centers  of  molecules  1  and  s,  or  2  and  s,  respec- 
spectively,  at  impact;  for  example  dn,  du-  Note  that  dn  or  dit 
become  di  or  dt 

A,A\B,B'      =  (see  Equations  6,  5',  7  and  7') 

C  --No/N         ="cut" 

D,  D\  £,  £'      =  (see  Equations  6A,  6A',  7A,  7A') 

n«  =: number  of  atoms  of  an  isotopic  element  in  a  compound;  e.  g., 

•  forCCU,n.=4 

The  Theory  of  Diffusion. 

The  Flow  of  a  Gas  Through  Small  Openings.    Molecular  Diffusion. — 

Graham*  in  his  work  on  the  passage  of  gases  through  porous  membranes, 
distinguishes  (1),  efusion  through  small  apertures,  in  which  there  is 
practically  no  friction,  different  gases  developing  a  mass  motion  whose 
velocity  is  inversely  proportional  to  the  square  root  of  the  molecular  weight ; 
(2),  capillary  transpiration,  in  which  the  rate  of  mass  motion  is  greatly 
reduced  by  friction,  and  obeys  Poisseuille*s  law,  with  a  slip  term  added  at 
low  pressures;  and  (3),  molecular  diffusion,  in  which  mass  motion  is  absent 
*  Graham,  Phil.  Trans.,  153,  385  (1863). 
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and  the  molecules  pursue  independent  devious  paths  along  the  very  fine 
pores,  colliding  repeatedly  with  the  walls,  but  very  seldom  with  one  another. 
As  with  effusion,  the  rates  of  molecular  diffusion  of  different  gases  are 
inversely  as  the  square  roots  of  their  molecular  weights.  In  the  former 
case,  however,  the  relation  applies  only  to  the  gas  as  a  whole,  but  in  the 
latter,  to  each  molecular  species  individually.  For  this  reason  molecular 
diffusion  leads  to  a  partial  separation  of  mixed  gases,  while  the  other  two 
processes  do  not.  Knudsen'  has  deduced  theoretically  and  confirmed 
experimentally  the  relation,  N  (mols./sec.)  =  ^/i^2T/MRT  (r^/l)  {pi-p^ 
for  a  gas  of  molecular  weight  M  flowing  through  a  cylindrical  pore  of  radius 
r  and  length  /,  from  a  partial  pressure  pi  to  a  partial  pressure  p2.  For 
pores  of  any  shape,  N  is  proportional  to  {pi—p^f-^MRT.  These  relations 
begin  to  break  down  when  the  pore-diameter  increases  above  0.2  to  0.1 
the  mean  free  path  in  the  gas  at  the  maximum  total  pressure  in  the  pore. 
Their  failure  is  apparently  not  serious,  however,  until  the  pore  diameter 
is  about  equal  to  the  mean  free  path.  If  the  pores  are  larger  the  phenome- 
non begins  to  pass  into  that  of  capillary  transpiration. 

To  secure  full  efiiciency  in  the  separation  of  isotopes  by  molecular  diffu- 
sion, all  capillary  transpiration  must  evidently  be  avoided.  This  can  be 
done  by  the  choice  of  membranes  of  sufficiently  small  pore  diameter,  or  for 
a  given  pore  size,  by  making  the  maximum  pressure  suflBciently  low.  If 
the  eflBciency  is  perfect,  the  rate  of  diffusion  of  any  isotope  (a)  in  a  mixture 
will  be  K.xJ'^Ma,  where  K  is  the  same  for  all  such  isotopes  present, 
for  any  set  of  conditions.  The  efficiency  of  the  separation  will  be  cut 
down  by  back  diffusion  if  there  is  any  back  pressure  of  the  isotopic  mixture 
on  the  vacuum  side.*  Another  important  factor  in  efficiency  is  perfect 
mixing  of  the  gas  on  the  inner  side  of  the  membrane. 

Molecular  diffusion  into  a  vacuum  has  been  termed  by  Graham  "single 
diffusion"  or  '*atmolysis.**  When  two  gases  (usually  at  equal  total  pres- 
sure) diffuse  molecularly  through  a  membrane  from  opposite  sides,  the 
phenomenon  is  called  "double  diffusion."  This  must  be  just  as  effective 
for  the  separation  of  isotopes  as  single  diffusion,  since  the  motions  of  the 
various  molecular  species  are  wholly  independent.  This  method  has  also 
the  advantage,  provided  a  membrane  containing  fine  enough  pores  can 
be  secured,  that  it  can  be  carried  out  at  atmospheric  pressure,  the  second 
gas  being  used  in  this  case  to  sweep  away  the  diffusate.  If  the  pores  are 
too  large,  relatively  to  the  pressure,  for  double  molecular  diffusion,  either 
capillary  transpiration  or  ordinary  gaseous  diffusion,  or  a  mixture  of  the 
two,  will  occur,  depending  on  the  magnitude  of  the  pressure  drop  through 
the  membrane. 

Gaseous  Diffusion. — When  a  gaseous  mixture  of  isotopes  and  another 

•Knudsen,  Ann.  Phys,,   [4]  28,  75  (1908). 

•  See  discussion  on  a  later  page,  "Effect  of  Back  Pressure  on  Efficiency." 
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gas  interdiffuse  through  a  porous  membrane,  a  separation  of  isotopes 
should  occur  if  there  is  a  constant  renewal  of  the  two  gases,  as  by  flow 
along  the  membrane.  This  is  the  method  used  in  the  separation  of  the 
isotopes  of  hydrogen  chloride  by  Harkins  and  his  associates,  who  passed 
a  stream  of  hydrogen  chloride  along  the  inside  of  clay  pipes,  and  a  stream 
of  air  along  the  outside.  In  their  work  the  phenomenon  was  essentially 
gaseous  diffusion,  although  there  may  have  been  some  molecular  diffusion. 
Although  gaseous  diffusion  as  a  method  of  separating  isotopes  consider- 
ably resembles  molecidar  double  diffusion,  the  theory  is  very  much  more 
complicated.  The  difference  is  due  to  the  effects  of  collisions  between 
molecules,  which  occur  in  the  former  case,  but  not  in  the  latter.  In  the 
absence  of  mass  motion,  the  rate  of  diffusion  of  one  gas  into  another  is 
given  by  Ni  (mols/sq.  cm./sec.)  =  (1/3)  \iCi  btii/bz.  For  the  case  under 
consideration,  the  relative  rate  of  diffusion  of  2  isotopes  should  be  given  by 


The  mean  free  path  X,  of  one  molec- 


Ni  \\cv^i/hz  ^  M2  \i6ni/6z 
ular  species  in  a  mixed  gas  is  dependent  on  the  molecular  weights,  mol- 
fractions,  and  molecular  diameters  of  all  the  various  components.  Ac- 
cording to  Jeans,^  the  value  of  Xi,  taking  into  accoimt  persistence  of  ve- 
locities, is  given  by  Xi= =•—   where  ^1^  =  - 

7rSKd^^(l-OVl+Mi/MJ 

(wi— aiflWa)/(wi+wJ,  ai^  being  a  function  of  MJ  Mu  In  the  sum- 
mation, the  subscript  a  applies  to  each  type  of  molecule  present,  1,2, — o, — s, 
in  turn.  Neglecting  the  effect  of  the  persistence  term  (1— fl),  it  is  found 
by  considering  several  limiting  cases,  assuming  always  that  the  molec- 
ular diameters  of  isotopes  are  equal,  that  X2/X1  has  usually  and  on  the 
whole  a  value  equal  to  about  ^VMi/M2,  so  that  the  ratio  N%/Ni  is  increased 
to  about  (Mi/M2)*^*.  For  a  steady  state,  Ni  and  N2  have  constant  values, 
So  that  the  concentration  gradients  must  be  tmiform,  except  in  compensa- 
tion for  the  variation  of  Xi  and  X2  from  point  to  point  along  the  gradients. 
The  concentrations  of  the  isotopic  substances  and  the  corresponding 
gradients  will  of  course  decrease  continuously  along  the  length  of  the  diffu- 
sion tube.  This  adds  another  complication  to  the  theory  of  the  operation 
as  a  whole.  If  the  gradients  are  assumed  uniform  at  a  given  point  in  the 
tube,  and  the  concentration  of  both  isotopes  is  zero  at  the  lower  ends  of  the 
gradients,  we  have  N2/Ni={x2/xi)  (M\/M^^,  where  c  is  about  V*-  On 
account  of  the  various  assumptions,  this  last  figure  cannot  be  considered 
very  certain,  but  at  least  it  is  probable  that  the  general  relation  stated, 
which  is  analogous  to  the  relations  for  the  other  processes  considered, 
holds  good. 

^  Jeans,  "Dynamical  Theory  of  Gases,"  The  University  Press,  Cambridge,  191<J, 
pp.  268,  330. 
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In  the  above  treatment,  mass  motion  has  been  assmned  absent.  Prac- 
tically, this  is  an  ahnost  impossible  condition,  since  the  rate  of  gaseous 
diffusion  does  not  exceed  that  of  capillary  transpiration  unless  the  pressure 
drop  is  reduced  to  a  fraction  of  a  millimeter  of  mercuiy,  even  for  openings 
as  small  as  0.01  mm.  in  diameter.  Even  with  no  presstu^  drop  at  all, 
there  is  normally  some  mass  motion  in  gaseous  diffusion,  due  to  the  un- 
equal rates  of  diffusion  of  the  two  gases  in  opposite  directions.  This 
mass  motion  could  of  course  be  balanced  by  a  suitable  pressure  drop  (just 
sufficient  to  give  rise  to  an  equal  and  opposite  capillary  transpiration). 
In  the  diffusion  of  hydrogen  chloride  into  air,  the  necessary  mass  motion 
is  one  of  the  former  gas  outwards;  this  could  be  prevented  by  a  suitable 
slight  excess  of  presstu^  on  the  air  side.*  An  exact  balance  could,  however, 
hardly  be  obtained  in  practise.  The  actual  relative  rate  of  diffusion, 
when  mass  motion  is  present,  will  be  given  by 

iV«  ^  Nt-xt(Ni+Ni+Ns+N  ^^,tr^„,)  ^  Nt-Axt^ 

Ni  "  iVi-Xi(iVi+iV2+iV,+iVeap.t«n..)  "  Ni^AXx 

where  N, = ^/tKcndfis/Sz  =  -  '/zKcJ  ^!ll±^\  the  term  Ni+Nt+N,  repre- 
senting the  mass  motion  necessary  to  overcome  the  inequality  between 
Ni+Ni  and  iV,;  and  A'cap.  trant.  representing  the  added  mass  motion 
due  to  any  drop  in  total  pressure,  and  obeying  Poisseuille's  law.  The 
values  of  Xi  and  Xt  vary  along  the  concentration  gradient  from  their  initial 
values  to  zero,  hence  Ni  and  Nt,  and  therefore  dni/6z  and  Bfh/Bz  must  vary, 
in  order  that  iVi  and  Nt  may  be  constant.  If  the  mass  motion,  measured 
by  the  A.x  term,  is  positive,  its  effect  is  clearly  to  cut  down  the  rate  of  sepa- 
ration of  the  isotopes,  although  the  detailed  theory  is  complicated.  (It 
may  be  noted  that  the  gradual  enrichment  of  the  lighter  isotope  along  the 
gradient  reduces  somewhat  the  effect  of  the  4  -^  term.)  If  the  mass  motion 
is  negative,  the  effect  is  apparently  to  increase  the  rate  of  separation  of 
isotopes.  A  negative  mass  motion  may  however  result  in  increased  term- 
inal pressure  of  the  diffusing  gas,  which  would  again  tend  to  decrease 
the  rate  of  separation.  A  very  rapid  negative  mass  motion  will  of  course 
practically  prevent  any  diffusion. 

A  possible  cause  of  loss  of  efficiency  in  gaseous  diffusion  is  local  con- 
vcctive  action,  due  to  imevenness  in  the  texture  of  the  membrane.  In 
general,  the  theory  of  gaseous  diffusion  as  applied  to  the  separation  of 
isotopes  is  evidently  very  complicated,  but  the  relation  Ni/Ni  —  {xi/xi) 
(Mi/MtY  is  probably  approximately  correct  on  the  whole,  the  value  of  c, 
however,  being  imcertain  and  variable  but  probably  greater  than  V«  ^ 
many  cases. 

•  In  the  work  of  Harkins  and  his  associates  the  pressure  was  kept  slightly  higher  on 
the  air  side. 
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Molecular  Effusion  and  Non-equilibrium  Evaporation. — ^The  rate  of 
effusion  through  minute  orifices, — of  diameter  not  greater  than  one-tenth 
of  the  mean  free  path,  according  to  Knudsen,^  should  from  kinetic  theory 
obey  the  lawAr=(/?i— ^)/V2?rMi?r,  per  square  centimeter  of  opening. 
For  larger  openings,  the  phenomenon  passes  into  that  of  mass  effusion. 
As  in  the  case  of  molecular  diffusion,  molecular  effusion  of  two  gases  in 
opposite  directions  simultaneously  can  occur.  The  evaporation  of  a 
liquid  in  a  vacuum,  if  no  molecules  return  to  the  evaporating  surface  after 
they  have  once  escaped,  is  equivalent  to  molecular  effusion  of  the  saturated 
vapor  into  a  vacumn  (^=0),  and  obeys  the  same  law  (see  below).  The 
field  of  force  at  the  surface  acts  like  a  membrane  with  very  fine  pores  and 
negligible  interspaces.  Molecular  diffusion  passes  into  molecular  effusion 
when  the  length  of  the  pores  approaches  their  diameter.  Both  processes, 
as  well  as  the  mixed  process,  should  be  equally  effective  in  the  separation 
of  isotopes. 

Initial  Diffusion  Methods. — In  the  expansion  of  a  gas  or  in  effusion 
or  evaporation  into  a  vacuum,  it  would  be  expected  that  the  lighter 
molecules  would  get  ahead,  due  to  their  higher  average  velocity,  so  that 
there  would  be  an  enrichment  of  these  in  the  front  rank  molecules,  which 
could  be  utilized  if  the  latter  could  be  separated  from  the  molecules  that 
follow.  The  separation  would  not  be  complete  or  even  large,  however, 
because  of  the  distribution  of  velocities  about  the  mean,  for  each  molec- 
ular species.  A  somewhat  analogous  effect  must  occur  in  th^  front  rank 
molecides  at  the  begiiming  of  a  gaseous  diffusion.  Although  a  considerable 
enrichment  might  occiu-  as  the  result  of  such  a  process,  the  material  would 
be  small  in  amount  and  difficult  to  collect.^® 

Theory  of  Non-equilibrium  Evaporation. 

From  kinetic  tlieory,  the  number  of  mols  of  a  vapor  which  strike  one 
sq.  cm.  of  the  surface  of  a  pure  liquid  in  equilibrium  with  it,  and  so  neces- 
sarily the  number  of  mols  of  liquid  which  evaporate,  per  second,  is  N  = 

p 
,====."    For  an  ideal  solution  such  as  a  mixture  of  isotopes,  the  re- 

•  Knudsen,  Ann.  Phys,,  [4]  28,  999  (1909). 

I*  S:olilweiler'8  report  (Z.  physik.  Chem.,  95,  95-120  (1920))  of  a  considerable 
concentration  of  the  lighter  isotope  of  iodine  is  apparently  an  attempted  application 
of  this  type  of  method.  His  theoretical  treatment  seems  however  to  be  unsound,  and 
his  experimental  results  are  contrary  to  Aston's  finding  by  positive-ray  methods  that 
iodine  contains  only  one  atomic  species. 

"  For  an  excellent  discussion  of  the  derivation  of  this  formula,  first  used  by  Hertz 
(Ann.  Phys.,  17,  177  (1882)),  and  tested  for  mercury  by  Knudsen  (Ann.  Phys.,  47, 
697  (1915)),  see  Langmuir,  Phys.  Rev.,  [2]  2,  329  (1913).  Knudsen  found  that  the 
rate  of  evaporation  fell  far  below  that  calculated  unless  the  mercury  surface  was  kept 
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lation  JVa=   , —  should  hold  for  each  isotopic  component  (a),  if  the 

vapor  pressure  has  the  same  value  (j>)  for  each  such  component  when  pure. 
That  this  is  at  least  very  closely  true  is  shown  by  Aston's  failure  to  obtain 
any  separation  of  the  isotopes  of  neon  by  3000  fractionations,  and  by  other 
evidence.^*  In  an  ordinary  distillation,  the  rate  of  distillation  is  negli- 
gibly small  compared  with  AT,  and  there  is  practical  equilibrium  between 
liquid  and  vapor.  Although  lighter  molecules  evaporate  faster  from  the 
liquid,  they  also  return  faster  from  the  vapor,  so  that  the  two  phases  have 
practically  the  same  isotopic  composition.  If,  however,  the  pressure  is 
made  very  low,  and  the  condensing  surface  placed  so  close  to  the  evaporat- 
ing surface  that  practically  all  the  evaporating  molectdes  are  condensed, 
it  is  dear  that  the  condensate  must  be  enriched  in  the  lighter  isotopes. 
This  method  of  evaporation,  as  has  already  been  seen,  is  really  equivalent 
to  molecular  effusion. 

The  molecules  leaving  a  liquid  surface  move  forward  with  various  ve- 
locities and  in  various  directions.  The  farther  a  molecule  has  to  travel 
before  reaching  a  cold  surface,  the  greater  is  its  chance  of  collision  with 
another  molecule;  and  the  greater  the  number  of  collisions  it  suffers,  the 
more  likely  it  is  to  acquire  a  backward  component  of  velocity.  If  there  are 
many  collisions  per  molecule,  the  condition  of  a  saturated  vapor  is  ap- 
proached, and  the  efficiency  of  the  separation  is  reduced.  The  presence 
of  air-molecules,  which,  being  non-condensable,  will  be  moving  in  all 
directions,  will  increase  the  number  of  tmfavorable  collisions.  For  maxi- 
mum eflSciency,  (1)  the  apparatus  must  be  thoroughly  evacuated,  (2) 
the  rate  of  evaporation  must  be  sufficiently  low,  and  (3)  the  condensing 
surface  must  be  as  close  as  possible  to  the  evaporating  surface.  Practi- 
cally, at  least  in  the  case  of  mercury,  as  is  shown  by  the  present  experimental 
work,  the  atoms  can  move  through  a  distance  equal  to  several  times  the 
mean  free  path  for  the  saturated  vapor,  and  can  suffer  a  number  of  colli- 
sions, without  much  loss  of  efficiency. 

In  order  that  the  theoretical  efficiency  shall  be  attained,  the  evaporating 
liquid  must  be  kept  at  a  uniform  composition  throughout,  by  diffusion, 
convection,  or  by  artificial  mixing.  Otherwise  the  accumulation  of  heavy 
molecules  in  the  surface  will  cause  a  corresponding  increase  in  their  pro- 
portion in  the  condensate.  Approximate  calculations  indicate,  however, 
that  liquid  diffusion  alone  is  capable  of  preventing  more  than  a  slight  loss 
of  efficiency,  even  for  fairly  considerable  rates  of  evaporation.  This  is 
yery  dean*  as  by  constant  renewal.  The  exact  formtda  for  the  rate  of  evaporation  is 
ff-(\—r)  ^2wMRT,  but  r  » 1,  practically,  for  a  liquid  and  its  saturated  vapor. 

"  In  view  of  the  thennodimamic  relation  between  vapor  pressure  and  solubility, 
the  faUure  of  Richards  and  Hall  (This  Journal,  39,  531  (1917)),  to  secure  any  change 
of  atomic  weight  by  1000  recr3rstallizations  of  lead  nitrate  from  radioactive  material, 
is  additknial  evideooe  for  the  very  close  equality  of  the  vapor  pressures  of  isotopes. 
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in  harmony  with  the  experimental  results.  Because  of  the  impossibility 
of  rapid  mixing,  the  separation  of  isotopes  by  evaporation  from  a  solid  sur- 
face is  evidently  impracticable.  The  range  of  application  of  the  method 
may  however  be  extended  by  the  use  of  solvents. 

Comparison  of  Methods. — ^The  choice  of  elements  suitable  for  separa- 
tion by  evaporation  is  limited  to  those  forming  suitable  compounds  or 
solutions  or  themselves  existing  as  liquids  having  a  small  vapor  pressure 
at  a  convenient  temperatiure.  To  be  suitable  for  a  diffusion  method, 
a  substance  must  exist  as  a  gas  or  have  a  considerable  vapor  pressure 
preferably  at  room  temperature.  The  diffusion  method  probably  has 
wider  applicability  than  the  evaporation  method. 

Development  of  Equations  Showing  Rate  of  Change  of  Composition 
and  Atomic  Weight  in  Diffusion  Processes. 
Change  in  Composition  of  Residue  for  the  Case  of  Two  Isotopes. — For 

a  mixttire  of  two  isotopes  having  molecular  weights  Mi  and  M2,  and  mol- 
fractions  xi  and  X2f  the  relative  rate  of  molecular  diffusion,  molecular 

effusion,  or  evaporation,  is  given  by  

-di\r,/-dM  =(WVl/t)  (^Mi/xi)   =  (xn/xi)  ^Mi/Mm^  **  (xt/xi),  (1) 

Ni  and  Ni  denote  the  respective  numbers  of  mols  of  the  two  isotopes  in 
the  residue  at  any  time.  N  will  be  used  to  denote  Ni-{'N2,  and  No  to  denote 
the  number  of  mols  initially  present.  For  gaseous  diffusion,  the  relation 
is  the  same,  except  that  k\  Ineans  *VMi/Afa,  where  c  is  some  number 
between  1  and  2.  Rearranging  Equation  1  and  noting  that  Ni^N,Xi 
and  Ni=N.X2 

dm/x.  =  k\dN,/x^.or  N6x.  +  x^N  ^     JNdx^  +  x^dN\ 

Xf  \  Xi  / 

Then,     (l-«  dN/N  =  k  (^)  -  ^  •  (2) 

\xi  /        Xt 

Integrating, 

(l--«  In  N/No  '-kin  (xi/(3Ci)o)  -  In  (WWo). 

Or,  denoting  No/N,  the  "cut,"  by  C, 

(l—k)  log  C  =  ife  (Xog(xi)o  —  log«i)  —  log  fe)o  +  log  Xf.  (3) 

This  equation  can  be  used  to  calculate  the  cut  necessary  to  obtain  any 
desired  changein  the  composition  of  the  residue,  theinitial  composition  being 
known.  The  change  in  atomic  weight  of  the  residue  for  a  given  change 
in  composition  maybe  obtained  from  the  relation,  AM={M%—Mi)Axt^^ 
^*  In  general,  for  a  mixture  of  (n)  isotopes,  if  the  atomic  or  molecular  volumes 
are  equal,  as  the  work  of  Soddy  (Nature,  94, 615  (1915)),  and  of  Richards  and  Wadsworth 
(Tms  JouRNAi^,  38,  221  (1916))  shows  to  be  true  in  the  case  of  the  atomic  volume  of 
soUd  lead,  AAf =(M,-Jlfi)  Axj-f  (3/i-Mi)  Ax,-f .  ...(M»-Jlfi)  A««=2(Jlf.-Jfi)  Ajc.. 
This  relation  applies  to  mixtures  of  isotopic  atoms  or  of  isotopic  molecules,  «.  e.,  mole- 
cules differing  only  in  containing  atoms  which  are  isotopes  of  each  other,  e,  g.,  HCUt 
and  HCUi;  CH,(CW,,  CH,CU»C1«7,  and  CH,  (CUt)t;  MgnO,  MguO,  and  MftiO. 
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For  the  difFusate,  the  change,  A'M,  is  exactly  —  AM/(C— 1)  (see 
Equation  14  p.  49).  In  connection  with  his  work  on  the  separation 
of  the  rare  gases,  Rayleigh^*  developed  a  less  direct  but  simpler  equation, 
which  is  rather  more  convenient  for  calcidation  than  Equation  3.    He 

uses  the  term  enrichment  ratio,  symbolized  by  r,  for  .    Using 

the  symbols  of  the  present  paper,  Rayleigh's  relation  can  be  reduced^*  to 

C  =   [^i/(^i)o  ].//"*  (4) 

This  is  readily  obtained  from  (3).    If  r  is  near  unity.  Equation  4  becomes, 

very  nearly,  C=r*^*^.     In  making  calculations  of  C  in  terms  of  AM 

or  Aa:,  the  easiest  method  is  to  calcidate  1/(1 —fe)  (compare  the  table  p.  55) 

cmce  for  all  for  the  compoimd  imder  consideration,  then  to  calculate  the 

value  of  r  corresponding  to  the  assumed  value  of  AM  or  ^,  and  finally  to 

apply  Equation  4.     A'M,  the  decrease  of  atomic  weight  for  the  diffusate, 

AM 

equals . 

^  C-1 

Simple  Equations  for  Change  of  Composition  of  Residue  for  Small 
Cuts. — ^The  use  of  the  exact  relations  (3)  and  (4)  involves  much  cal- 
culation. For  small  cuts,  or  approximate  calculations  with  larger  cuts, 
a  very  simple  relation,  which  shows  clearly  the  factors  governing  the  rate 
of  separation,  can  be  derived  from  Equation  2.  tooting  that  d^i=  —  d^. 
Equation  2  becomes  (1— fe)  6N/N={—k/x^Ax%—6x^/xt.    Noting  that 

--dN/N^  ~^(^/^o)  =d  In  C,  this  reduces  to 

N/No 

dxi  -  -d«i  -  (Izi^.    d  In  C^A  d  In  C.  (6) 

This  quantity  A  is  really  the  slope,  at  the  point  {x^,  In  C),  oi  the  curve 
obtained  by  plotting  3C2(or— %i)  against  In  C,  starting  with  C=l  for  ari  = 
(xi)o  and  X2  =  (xi)o.  As  the  composition  changes  only  very  slowly  with 
the  cut,  A  is  nearly  a  constant,  so  that 

By  taking  average  values  of  Xi  and  Xi  this  equation  will  hold  rather  closely 
ioen  for  a  large  cut.    For  the  change  in  atomic  weight  of  the  residue, 

AM  ^  (Af.-Jf.)  A^  -  {l-k)xMM^-^M{)     ^^c^^^c.  (7) 

^ Xi  -f  kxt 

"Rayleigh,  PhU.  Mag,,  [6]  42,  493  (1896). 

^  TTi^rlrttw  and  Hayes  (Ref .  3)  use  a  similar  form  of  Rayleigh's  equation.  The 
(negative  of  the)  quantity  1/(1 —i^)  of  this  paper,  which  is  the  exponent  of  r  in  Equation 
4,  is  termed  the  "diffusion  coefficient"  in  their  paper,  and  a  rule  is  given  for  calculating 
tins  quantity.  This  rule  and  the  relations  of  the  quantities  mentioned  are  discussed 
in  a  note  on  a  subsequent  page,  under  the  head  of  "Useful  Approximate  Forms  of  Simple 
Equations." 
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Note  that  C  is  strictly  a  ratio  of  mols,  or  of  volumes.  Unless  C  is  extremely 
large,  however,  it  may  without  much  error  be  considered  a  ratio  of  masses. 
Prom  Equations  6  and  7  it  is  seen  that  the  increase  in  the  mol-fraction  of 
heavy  isotope  and  in  the  atomic  weight  of  the  residue  proceed  arith- 
metically as  the  quantity  of  the  latter  diminishes  exponentially. 

Relation  of  Rate  of  Separation  to  Composition  of  an  Isotopic  Mixture. — 
The  rate  at  which  A  and  B  change  with  the  composition  or  atomic  weight 
of  the  residue  during  a  diffusion  or  evaporation  can  be  obtained  to  a  dose 
approximation  as  follows.  Since  Xi+kxi  is  always  nearly  unity,  we  can 
write 

i4  =  (     7r    )•    *!**  =  ^*i*>'  and  B  -      7..       (^«  -  Mi)xiXt  -  GxiXt,  F  and  G 
XXi-tkxt/  Xi+kxt 

being  regarded  as  essentially  constant.    Then 

P^^F  ^^^  .  F(l-2«»)  -  P{x,-x,)  -  -^^2^=^    (8) 
ax%  ax%  xiXi 

If  values  of  A  or  B  are  plotted  as  ordinates  against  values  of  Xt  (or 
—xi)  as  abscissas,  a  portion  of  a  parabola  is  obtained,  corresponding  to  the 
equation  A=FxiXi—F{xi—x^),  or  B  =  G{xt—x^.  This  begins  at  the 
point  (ii^  =  0,  A  or  5  =  0),  rises  to  a  maximum  at  (a^  =  0.50,  A=0.25F 
or  5  =  0.25G),  and  falls  again  to  (^=  1,  A  or  B=0).  Thus  the  most  favor- 
able mixture  for  the  separation  of  two  given  isotopes  is  that  for  which  xi  = 
iC2=0.50.  Between  %2=0.25  and  rj^=0.75  the  value  of  B  is  still  nearly 
as  favorable,  but  if  Xt  falls  below  0.05  to  0.10,  or  rises  above  0.90  to  0.95, 
the  rate  of  separation  is  much  reduced.  If  X2  (or  M)  is  plotted  against 
In  C  for  the  residue,  the  slope  A  (or  B)  of  this  curve  thus  approaches  zero, 
and  the  curve  itself  approaches  asymptotically  the  line  ni^  =  1  (or  M^M^, 
aslnC  continues  to  increase;  the  curve  is  terminated  abruptly  in  the  other 
direction  at  C  =  l. 

The  slope  dA/dx2  of  the  A  parabola  is  given  by  Equation  8.  Since 
B  =  (Af2-Mi)  A,  and  AM=(M2-Mi)  A^a,  it  is  evident  that  dB/dM  is 
equal  to  dA/d^2.  From  Equation  8,  then,  dB/dM  is  zero  when  a^  =  0.50, 
has  a  maximum  positive  value  when  ^2  =  0,  and  a  maximum  negative  value 
when  X2  =  h  Thus  B  (and  A)  increase  for  the  residue  (and  decrease  for  the 
diffusate),  during  a  separation,  if  x^  is  less  than  xi;  and  vice  versa. 

Modifications  of  Simple  Equations  for  Large  Cuts. — ^The  quantity 

— —  is  useful  as  a  measure  of  the  error  in  B  when  AM  is  large. 
dM 

dB/B      P(xi  -xt)  xi—xt 


dM  B  xMMt-Mi) 

Call  this  last  quantity  2H.    For  a  moderately  large  change  AM  of  atomic 
weight  we  have,  approximately. 
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AJf-JB+v/^  JAJIfl./i»  ^=^M+v/^^)AAfl./»  C=B(l+H.AJIf)/nC.(9)" 

For  the  case  that  M2-Mi  =  2,  if  ac2=0.01,  the  value  of  His  24.8;  if  ^2  =  0.10, 
H=2.22;  if  A;a  =  0.25,  H=0.67;  if  X2=0.50,  H=0;  if  ^  =  0.75,  H=-0.67; 
etc.  The  correction  term  HAM  is  evidently  not  large  unless  AM  is  con- 
siderable, or  X2  is  near  zero  or  unity.  For  ordinary  hydrogen  chloride, 
«i=0.23,  5  =  0.00950,  and  if  =+0.76.  Without  using  the  correction 
term,  we  have,  for  AM =0.05,  AM  =  0.05  =  0.00950  In  C.  By  putting 
in  the  correction  term,  AM =0.05 =0.00950  (1.038)  In  C.  The  value  of 
C  calculated  from  the  former  expression  (Equation  7)  is  192.7;  that  from 
the  latter  (Equation  9)  is  158.9.  The  correct  value  of  C,  calculated  by 
means  of  Equation  4,  is  159.8.  For  AM= 0.10,  the  respective  values  of  C 
obtained  by  the  three  methods  are  37,140;  17,630;  and  18,530.  The 
discrepancies  between  the  results  of  Equation  4  and  Equation  7  are  not 
large,  especially  from  the  point  of  view  of  the  change  of  atomic  weight 
secured  by  a  given  cut,  and  are  in  fact  much  less  than  would  normally 
result  between  theory  and  practise  due  to  unavoidable  ineflSciency  of 
operation.  Equation  9  evidently  gives  a  very  close  approximation  to 
the  results  of  the  exact  Equation  4,  and  is  much  simpler  than  the  latter, 
once  the  values  of  B  and  H  have  been  calculated  for  the  compound  under 
consideration.  Values  of  B  are  given  in  Table  I  p.  55.  Equation  10  which 
likewise  gives  a  very  dose  approximation,  is  useful  for  calculating  AM 
if  C  is  given. 

Useful  Approximate  Forms  of  Simple  Equations;  Relation  of  Rate  of 
Separation  to  Molecular  Weights  of  Isotopes. — The  term  (l-k)  in 
Equations  6  and  7  can  be  calculated  very  quickly  and  accurately  by 
means  of  the  approximate  empirical  relation  (1— fe)  =  (4/c)  (M2— Mi)/ 
(3Ms+Mi) .  This  is  correct  to  within  about  0. 1  %  for  the  lightest  elements, 
and  is  still  more  exact  for  the  heavier  elements.  For  example,  the  exact 
value  of  1-Jfe,  for  c  =  2,  and  Mi  =  6  and  M2  =  7,  is  0.074180,  while  that 
calculated  from  the  above  relation  is  0.074074,  or  0.14%  too  low.  For 
Ml =36,  M2=38,  the  exact  value  of  1-fe  is  0.026672,  and  the  approximate 
value  0.026667;  the  latter  is  only  0.018%  low.  Using  the  relation  just 
given.  Equation  6  becomes 

and  Equation  7  becomes 

^^=  /  /.x/oil^'Tr^/l**'?.     rN    X  'InC^BlnC  (practicaUy).  (7B) 

(c/4)(3Afi+Jlf,)  (l-(l-ife)x,) 

A  and  B  can  be  calculated  with  suflGicieat  accuracy  in  accordance  with  these 
equations,  the  term  (1  — (1—^)^2)  being  readily  calculated  by  the  help  of 

*■  Since  CiM^B  In  C,  nearly,  this  can  also  be  written, 

AAf =B(H-BH  In  C)  In  C,  (10) 
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the  relation  given.  This  term  can  be  neglected  entirely  for  neon  and 
heavier  elements,  when  an  accuracy  of  1%  is  sufficient,  giving  simpli- 
fied forms  of  Equations  6B  and  7B  which  may  be  called  Equations  6BB 
and  7BB.  These  can  be  still  further  simplified  to^^  the  still  less  exact 
forms, 

AX4=  l(MM-Mi)xiXi/cMt]ln  C^D  In  C  (6A) 

and 

AAf-  [{Mf^Mi)HiXt/cMt]  In  C-'E  In  C  (7A) 

This  form  of  Equation  7  brings  out  the  dependence  of  the  ''separation 
coefficient"  B  on  the  total  molecular  weight  and  on  the  interval  between 
the  molecular  weights  of  the  two  isotopes.  For  calculations  of  the  sepa- 
ration coefficient,  Equation  7B  is  practically  as  exact  as  Equation  7;  and 
Equation  7BB  gives  results  which  are  very  little  in  error,  except  for  the 
lightest  elements.  The  very  simple  approximation  given  by  Equation 
7A  gives  results  at  worst  3%  low,  for  elements  above  neoui  but  in  general 
Equation  7B  or  7BB  should  be  used. 

Change  of  Composition  for  Diffusate. — ^While  the  residue  is  being 
enriched  in  the  heavier  isotopes,  the  diflFusate  or  condensate  is  being  en- 
riched in  the  lighter  isotopes.  For  the  ''instantaneous"  diflFusate  or  con- 
densate coming  "from  material  of  a  given  composition  (xu  ««)  we  can  write 
"(l-jfe)«l- WJfi/M,«l-  W l-(Afi- MO/AT,  =  1-  •Vl-c(Af,-Jlfi)AJIf,= 
l-«  V  [l-(JI/,-M,)/cJlf,r(iiearly)  =  1-  [l-(Jlf,- JfO/cJf,!.  (nearly)  =  (M,-JI/i) A Af,, 
(nearly).  The  usual  case  is  c =2,  but  the  relation  holds  for  any  value  of  c  (it  is  of  course 
exact  for  c^l),  provided  Mt— Jl/i  is  small  compared  with  Jfs.  The  empirical  relation 
(1— ife)  *(4/c)  (Jfi— JI/i)/(3Afi-|-^i)  holds  very  dosdy  even  when  Jfj— Jl/i  approaches 
M%  in  magnitude.  This  relation  reduces  to  2(Afi— Jlfi)/(3Afi+il^i),  for  €'=^2.  This 
can  be  used  for  calculating  B  of  Equation  7. 

The  quantity  (l—k)  b  closely  related  to  the  "diffusion  exponents"  (k)  and  (k') 
of  Harkins  and  Hayes.'  (k)  is  equal  to  -1/(1-*),  and  (*')  to  - 1/(1  -  (1/*)) - 
+ife/(l — ife).    The  "diffusion  exponent"  is  the  same  (except  for  the  sign)  as  the  exponent 

of  r  in  Equation  4  of  this  paper.    The  rule  of  Harkins  and  Hayes  that «* 

2 

(JI/iH-JI/i)/(JI/i— Jfi),  (*)  and  (k*)  being  respectively  0.50  unit  greater,  or  less,  than 
(Afi-|-Jlfi)/(Jlfi— Jfi),  agrees  with  the  above  empirical  relation  for  l—k.  [The  relation 
(ife)-(JkO  =  1  is  an  exact  and  necessary  onerfor  {k)  =  W-l^i/CV  A^i-'VAfj),  and  (&')  = 
W3/i/CV  Mi-*V-af2).]  The  approximations  (1-k)  =  (Af|-Afi)/cAfi  [1],  and  the  analog- 
ous (1  — l/ik)  =  (Jlfi— Jl/j)/cilfi  [2],  are  less  exact. then  the  approximations  (1—*)  = 
(4/c)    (Mt-Mi)/{SMt+Mi)    [3],    and    (l-l/«  =  (4/c)    (3fi-Af,)/(3Mi+Ar,)     [4]. 

For,  using  [1]  and  [2],  while  ^^t^  =  (- 1/2)  [(1/1-*) +1/(1 -(1/*))],  -  ^3^|' 

comes  out  as  it  should,  the  result  (*)  —  (*')  ==2  is  obviously  wrong.  Using  Equations 
[3]  and  [4]for(l-*)and(l-(l/*)),(«+(*')  =  (i^i-hJlf«)/(JI/i-Afi),and(*)-(*')«l, 
as  it  should.  The  relation  of  Equation  3,  and  the  corresponding  relations,  (*) » (3Mi-h 
Afi)c/4(Afi-Afi),  and  (*')  =  (3Afi-hM,)c/4(Afi-Afa),  prove  to  be  so.  nearly  exact  that 
they  can  be  used  for  calculations  by  the  exact  Equation  4. 
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From  this  can  be  obtained^®  the  exact  equations 


(^.c..).(lZ^.+^  (11) 


and 


(12) 


The  composition  of  the  instantaneous  diffusa te  or  condensate  always  keeps 
pace  with  that  of  the  residue,  Xi^  being  just  A  imits  ahead  of  Xy,  and  M^^ 
just  B  units  behind  M  (see  Fig.  1).  The  composition  of  the  total  diffusate 
is  an  average  of  a  series  of  continuously-changing  instantaneous  diffusates. 
It  obviously  approaches  that  of  the  original  material  as  the  quantity  of 
residue  approaches  the  vanishing  point.  For  a  mixture  of  two  or  any 
mnnber  of  isotopes  the  mbl-fraction  x^  of  any  component  (a)  in  the  total 
di£fusate  is  necessarily 

*"     No-N     "        No-N        "       C-1 
and 

^  /     \  AC  fa)o  C—Xg  (Xa)o—Xa         —  AXa 

^a  -  («fl)o   =  A*^Xa  =        ^_j^ (Xa)o   «       ^_^       =  -^^J         ^^^^ 

where  A^  %%,  etc.,  refer  to  the  diffusate,  Xg,  A,  etc.,  to  the  residue.  Cor- 
respondingly, 

A«Af  «  2(Afa-Af,)  (A^aca)  =  ^7— ; -  -7— 7'  (^^^ 

Equations  13  and  14  must  hold  independently  of  the  nature  or  efficiency 
of  die  diffusion  process,  and  depend  only  on  the  asumption  that  isotopes 
have  equal  atomic  or  molecular  volume.  By  means  of  these  relations, 
for  a  100%  efl&cient  process,  we  have  at  once, 

.      ^     .  InC 

A*^«a  =  -^— ^  (15) 


and 


^'^=--^^'  (16) 


XiMMi  xi'VAfi 


Xi 


Then 


ic_     a,  Aic     _        ^1       _  Xi— 3g*i  — fexiXa  ^ 

Xl  — X*!  — **l(l  — *l)  (1— ik)*i*2 
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FrAction  (f  Mattval  m  Diffusaitcs 
m  m  i^  §i3  af  m  &s  07  at  a9 

r 


u  Aj  08  07  (^  as  af  03  02.  ai 
Fr9titi(mcf  Initial  M*Mil  Leftin&subiStAnyTIme 

Pig.  1.  Generalized  plot  showing  atomic  or  molecular  weight  of  fractions  obtained 
during  a  100%  efficient  dififusion  or  irreversible  evaporation  of  a  mixture  of  isotopes. 
•  The  curves  are  based  on  Equations  7,  12,  and  16,  of  the  text.  The  ordinates  are 
expressed  in  terms  of  the  "separation  coefficient"  jB  as  a  unit;  this  has  a  different  numeri- 
cal value  (usually  about  0.003  to  0.02)  for  each  element  (see  Table  I,  and  text).  The 
value  of  B  changes  slightly  with  AM,  The  symbol  C  stands  for  the  "cut"  or  raiio  of 
quantity  of  material  in  the  residue  at  any  time  to  the  initial  quantity;  for  any  abscissa 
on  the  lower  scale,  the  "cut"  is  merely  the  reciprocal  quantity.  The  "instantaneous 
diffusate"  curve  gives  at  any  point  the  composition  of  the  material  which  is  at  any 
instant  diffusing  or  evaporating  from  residual  material  corresponding  to  the  same 
abscissa.  Note  that  this  ciu^e  has  exactly  the  same  form  as  the  residue  curve,  and 
differs  only  in  an  upward  displacement  of  the  ordinates  by  B  units.  Each  point  on 
the  "total  diffusate"  curve  gives  the  average  composition  of  the  material  which  has 
diffused  or  evaporated  from  the  beginning  up  to  that  point.  The  various  dotted  curves 
give  the  composition  of  fractions  of  the  total  diffusate  beginning  at  various  points  after 
the  beginning  of  the  operation.  The  meaning  of  the  total  diffusate  etudes  can  be  made 
clearer  by  a  few  examples.  Thus,  Point  I  gives  the  composition  of  the  diffused  or  con- 
densed fraction  for  the  interval  0-26%;  Point  2,  for  the  interval  0-60%;  3,  for  26-60%; 
4,  for  26-76%;  6,  for  60-76%.  Taken  in  connection  with  the  residue  ciu-ve,  the  total 
diffusate  etudes  show  how  the  original  material  can  be  divided  efficiently  into  isotppic 
fractions.  For  example,  the  curves  show  that  the  diffusate  might  be  collected  in  frac- 
tions as  foUows:  0-26%,  AAf=-0.866B;  26-60%,  AAf=-0.462B;  60-76%,  AAf=»0. 
If  the  operation  were  stopped  here,  the  residue  would  have  the  atomic  or  molecular 
weight  M-i-1.386B,  if  M  is  the  original  atomic  or  molecular  weight. 
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and  cotrespondixig  approximate  relations  with  D  and  E.  By  putting 
C^  1  and  noting  that  the  limit  of  In  C/(C—  1)  is  miity,  as  C  approaches 
miity»  Equations  13  and  14  reduce  to  11  and  12.  For  the  result  of  n 
successive  identical  operations  on  the  light  fraction,  equations  analogous 
to  9  and  10  can  be  written,  viz.^ 

A«A/=  -ifB(l+HA^Af)  In  C/(C- 1).  (17) 

and 

A*=lf=-ifBll-BH  In  C/(C- 1)1  In  C/(C-1),  (18) 

where  C  is  the  cut  in  each  operation. 

Systematic  Fractionation. — Large  decreases  of  atomic  weight  can 
evidently  be  secured  only  by  repeated  operations,  a  nearly  equal  de- 
crease being  secured  in  each  similar  operation.  With  the  residue  on 
the  other  hand,  large  increases  can  be  secured  in  a  single  operation  by 
starting  with  sufficient  material  and  making  a  large  cut.  A  good  prac- 
tical compromise  for  systematic  fractionation  is  a  cut  of  2.  Here  —  A^M 
=  AM  ==  ln2  =  0.693B.  The  use  of  such  a  method  has  been  discussed  by 
Lord  Rayleigh^^  who  developed  approximate  formulas  giving  the  size  and 
quality  of  the  various  fractions.  The  collection  of  the  whole  diffusate 
together,  especially  for  a  cut  as  large  as  2  or  greater,  involves  con- 
siderable avoidable  loss  of  efficiency.  If  it  is  collected  in  successive 
fractions  as  suggested  by  the  plot  (Fig.  1),  successive  cuts  can  be 
made  on  the  residue  in  one  operation.  The  total  diffusate  coming  through 
between  C=2,  and  C=4  has  practically  the  composition  of  the  original 
material,  and  in  quantity  is  25%  of  the  latter.  In  systematic  fractionation, 
the  actual  changes  in  atomic  weight  will  be  less  than  the  calculated  if  any 
of  the  causes  of  inefficiency  previously  discussed  operate.  The  values  of 
Ax  and  AAf  given  by  Equations  6,  7,  11,  12,  15  and  16,  etc.,  must  be 
multiplied  by  an  empirical  efficiency  factor  which  depends  on  the  experi- 
mental conditions.  Equations  3  and  4  are  of  course  subject  to  a  similar 
limitation.  Equations  13  and  14  always  hold  (p.  49).  The  variation 
of  Ax  and  AAf  with  large  cuts  has  already  been  discussed  under  "Modi- 
fications of  Simple  Equations  for  Large  Cuts."  In  general,  efficiency  and 
speed  will  be  opposed.  On  this  account,  it  may  not  be  desirable  to  aim  at 
the  bluest  efficiency  at  the  beginning  of  operations,  when  dealing  with 
large  quantities  of  material,  but  high  efficiency  becomes  more  and  more 
worth  while  as  the  cut  increases. 

Effect  of  Back  Pressure  on  Efllciency. — In  molecular  diffusion  and 
molecular  effusion,  the  fractional  loss  of  efficiency  due  to  back  pressure  is 
equal  to  the  ratio  of  the  back  pressure  to  the  initial  pressure.^  This  is 
shown  by  the  following  considerations.  The  actual  increase.  Ax,  in  the 
mol-fraction  of  any  isotope  in  the  diffusate,  may  be  considered  as  the  net 
result  of  two  processes,  forward  and  backward  diffusion,  which  can  be 
treated  as  independent  (see  earlier  discussion).    Letting  Ax  denote  the 
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increase  for  a  100%  efficient  process,  and  Ni  and  N%  the  quantities  of 
material  which  diffuse  forward  and  backward,  respectively,  we  can  write, 

Simplifying, 

A3C=t     \/  '  lAy»(  ^^—^  lAy. 


-(^■)"-(V)' 


The  efficiency  of  the  process  is  Ax/^,  and  is  thus  equal  to  ^- — 2-?;   and 

the  loss  of  efficiency  is  pi/pi.  Analogous  considerations  apply  to  non- 
equilibrium  evaporation,  if  pi  and  p%  now  stand  for  rate  of  evaporation 
and  rate  of  rettun  of  molecules,  respectively.  With  gaseous  diffusion 
the  case  is  more  complicated,  but  analogous  effects  are  to  be  expected. 
General  Relations  for  Any  Number  of  Isotopes. — For  the  general  case 
of  a  mixtture  of  n  isotopes,  exact  and  approximate  slope  equations  analogous 
to  (5) ,  (6) ,  and  (7)  can  be  obtained  in  the  following  way.  N  separate  equa- 
tions of  the  form  of  Equation  1  can  be  written,  viz., 

dN./x.'^k^dNi/xt  (10 

and  correspondingly,  n  equations  of  the  form  of  Equation  2,  viz., 

(l'-k\)dN/N^k\6xi/xi-dx./x..  (20 

The  equation  for  which  a= 1  is  included  for  the  sake  of  generality  in  the 
subsequent  development.  It  is  convenient  to  write  all  the  equations  in 
terms  of  the  lightest  component,  (1),  although  any  other  component 
coidd  have  been  chosen.  From  the  a***  equation  of  the  form  of  (2),  one  can 
getd^a=fe^a(^aM)d^i-^a(l-**«)d^/A^-  Now  it  is  evident  that  Sdx=0. 
Then 

2cbc.=2[ife'.(«.M)<i«i-(l-*M««  dN/N]^0, 
Or, 

(dJV/iV)2(«.-«Jk'.)  -  (dxi/xi)XxJi^m. 

Or, 

(dN/N)   (l-2«aife».')-(d«i/«i)X«.ifeV 

Denoting  2xak^^  by  S,  this  becomes  — —  •  — =d^i/%i.     By  substituting 

the  value  ixi/xi  =  {l/k\)  [(1— fe^a)  dN/N+dxJx^],  obtained  from  equa- 
tion (2'),  and  simplifying,  the  general  expression  for  any  isotope    (a), 

s  s 

is  obtained.  This  is  the  general  form  of  the  slope  Equation  5,  and  can  be 
treated  like  the  latter.    Thus 

^^^«^(^2*!l)  /^  c,  nearly.  (60 
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Since  AM=2[(Ma-Afi)Afl?a], 

AJf  = •     In  C^B'  In  C,  nearly.  (70 

o 

This  summation  has  n  teims.  It  can  be  shown^*  that  the  following 
relation  also  holds  approximately 

cM 
where  a  and  6  take  independently  every  value  from  1  to  n,  like  terms, 
however,  being  taken  only  once.    This  summation  has  -^ different 

terms.  The  calculation  of  E'  is  simpler  than  that  of  B'ifn  is  not  too  large; 
and  E'  usually  approximates  B'  very  closely  (see  table  of  separation  coeffi- 
cients). The  equations  for  the  condensate  are  very  easily  generalized. 
Equations   11  and  12  become 

A«<=«.»-i4'.  (m 

and 

A«<^JIf--B'.  (12') 

Equation  13  holds  as  it  stands  for  any  isotope  a,  and  Equation  14  for  the 
case  of  n  isotopes;  Equations  15  and  16  become 

A*^*..-^'.^  (16') 


and 


A<^Jf.-B'.'^.  (160 

C-1 


"Since  1=2*,  we  can  write  5- *»«=-(xi*H+aPiife'i+.  .+«»*»«) -(a;i+xi+.  .+- 
xn)k\  -  xi{hh  -  ibM  +  «i(*'i-*»-)  +....  +  xn{k\  -  *».).  In  general  *»»-*».  - 
(l-ib«.)-(l-*»»)«(Af.-Afi)/cJf.-(Jf»-Jfi)/cJlf*,  nearly,  (see  note  on  earUer 
page),  B  {Mi/c)  (Mm — Mh)/MmMk.  Applying  this  relation  to  the  expression  for  S— k^; 
the  latter  becomes  (Afi/c)  (l/if«)  2)[x»(Af«~Af»)/Jf»],  where  the  subscript  6,  like  a, 
stands  for  all  numbers  from  1  to  n,  to  be  chose,  however,  independently  of  the  series  of 
valnes  for  a.  By  application  of  this  relation.  Equation  5  can  be  written  approximately, 
dx««(x«/c)  2[j(»(Jf«-ifft)/ifft].  dlnC    (5A0.  since  S  is  very  nearly  unity. 

Hie  summation  in  Equation  7 '  can  be  simplified  as  follows.  2)  (Mm — Mi)xm (S—k^m)^ 

SLMmXm-'2MmXmk^m-MiSZXm-\'Mi7:Xmk\^S2MaXa-'LMmXmk'm'-SMi  +  MiS^X(Mm' 

In  C 
x«)(5-*U).    Equation  7' then  becomes  AJf=——S(JfupO    (5-ib'«).   Applying  the 

•J 

zdation  already    obtained     for    S—K\, 

AM^  l(Mi  In  O/CSI      2(lMmXm(l/Mm)]LlXk(Mm-Mk)/MkV' 

This  leadily  reduces  to   Alf- (if lA)-^^.     2(xmXh(Mm-Mh)*/M.M^. 
This  gives  the  closdy  approximate  relation 

AA/-^ .  2  [«.a»(Af .- Jlf»)«l-  (7A0 
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Factors  Determining  Rate  of  Separation  and  Table  of  Separation  Co- 
efficients for  Natural  Isotepic  Mixtures. 

Equations  6'  and  T  show  that  the  dose  proportionality  between  AM 
and  In  C  holds  for  a  mixture  of  any  number  of  isotopes  as  well  as  for  two 
isotopes.  The  approximate  constant  B  for  any  element  or  compound 
can  thus  be  determined  experimentally  by  means  of  a  100%  efficient  diffu- 
sion or  evaporation,  without  knowing  the  isotopic  composition.  In 
the  following  table  are  given  values  of  the  exact  coefficients  B,  or  B',  and 
of  the  approximate  coefficients  £,  or  E',  calculated  for  c=2,  for  various 
naturally  occurring  isotopic  mixtures.  It  should  be  noted  that  the  ap- 
proximation of  E'  to  B'  is  much  closer  than  that  of  E  to  B,  so  that  while 
E'  satisfactorily  replaces  the  more  complicated  B\B  should  be  calculated, 
by  one  of  the  more  exact  equations  7B  or  7BB,  rather  than  to  use  E  of 
equation  7A.  The  isotopic  composition  has  been  estimated  from  the  re- 
sults of  positive-ray  analysis  combined  with  the  chemical  atomic  weights. 
The  value  for  mercury  has  been  calculated  from  experimental  data  obtained  by 
the  evaporation  method.  The  coefficient  B  or  B'  is  the  valuaof  —  A^M,  or  of 
AM  when  In  C=l,  where  M  is  in  general  the  molecular  weight.  In  the 
case  of  molecules,  such  as  that  of  chlorine,  CI2  or  carbon  tetrachloride, 
ecu,  containing  more  than  one  atom  of  an  isotopic  element,  AM  or  —  A^M 
must  evidently  be  divided  by  the  number,  n,  of  such  atoms  per  molecule, 
in  order  to  get  the  change  AA  or  —  AM,  in  the  atomic  weight  of  the  isotopic 
element.  Hence  the  coefficient  B'  must  be  divided  by  n,  in  such  cases, 
although  this  is  never  necessary  for  B.  The  quantity  AA/ln  C=B  or 
B'/n,,  calculated  for  the  usual  case  of  c  =  2,  will  be  called  the  "separation 
coefficient."  It  might  be  considered  preferable  to  calculate  the  quantity 
AA/A,  but  this  has  not  here  been  done.  The  values  of  AA/A  will  of  course 
be  much  less  favorable  to  the  heavier  elements  than  are  the  "separation 
coefficients"  given  on  the  opposite  page. 

The  diflFusion  or  separation  coefficient  for  a  given  isotopic  mixture  is 
proportional  to  the  increase  of  atomic  weight  for  a  definite  cut.  Since  the 
coefficients  (B/n,)  in  the  table  below  are  calculated  from  the  initial 
composition  of  the  isotopic  mixture,  they  represent  the  rate  of  increase 
of  the  atomic  weight  at  the  beginning  of  the  dififusion.  If  neon  and  hydro- 
gen chloride,  for  example,  are  compared  it  is  found  that  theiatter  has  the 
higher  separation  coefficient.    If  the  approximate  equation 

AAf  = — ; In  C 

cMt 

is  considered,  it  is  seen  that  (M2— Mi)*  is  the  same  for  both  of  these  ele- 

0/3    A£* 

ments,  while  the  molecular  weights  give  a  factor  of    — ^ —   or   1.805  in 

20.20 

favor  of  the  neon.    However,  the  product  of  the  mol  fractions  is  0.0900  for 
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Tabids  I 
Composition  and  Separation  Coepi^icisnts  op  Isotopic  Mxztukss 

Elemeot      At.  wt.     At.  or  moL  wts. 

or  or  of  Correspondins  B  or  fior 

compound  moLwt.  isotopes  mol-percentages  1—kh  B'/Ug         Bf/n^ 

U               6.94  6,7  6,94  0.0742    0.00450  0.00403 

B              10.9     10.11  10.90  0.0466    0.00438  0.00409 

BH,           lis. 9     13,14  10.90  0.0364    0.00339  0.00322 

Ne            20.2     20.22  90.10  0.0466    0.00843  0.00818 

Mg  24.32  24.25.26  79,10.11(?)  0.00868  0.00843 

HCl           36 .46  36.38  77.23  0 . 02668  0 .00950  0 .00932 

CHiCl       50.46   50.52  77.23  0.01941  0.00690  0.00681 

a,  70.92  70,72.74  59.3.35.4,5.3  0.00494  0.00499 

CHiO,       84 .92   84.86.88  59 .3,35 .4,5 .3  0 .00413  0 .00417 

CHO,      119.38   118,120,122,  45.7,40.9,12.2,1.2  0.00295  0.00296 

124 

ecu        153  .«4   152,154,156.  35.2,42,0,18.8,3.7,0.3    0.00229  0.00231 

158,160 

Ni             58.68  58,60  66,34  0.01680  0.00758  0.00747 

Ni(CO)«  170.68   170.172  66,34  0.00582  0.00262  0.00260 

Zn  66.37  64,66.68,70  51. 5,31, 15,2. 5(?)  0.02037 

K  39.10  39,41  95,5  0.00232 

Rb  85.45  86,87  77.5,22.5  0.00409 

Kr  82.92   78,80,82,83,  6,15,18,16,  0.0306 

84,86  25,30 

HBr          80.92  80,82  54,46  0.01228  0.00614  0.00606 

H«  200.6    197-200,202.204    0.0057    (experi- 

mental) 

neon  and  0.1771  for  hydrogen  chloride,  thus  giving  a  factor  equal  to  1.970 
in  favor  of  hydrogen  chloride.  Though  the  initial  diffusion  coefficient  is 
thus  more  favorable  in  the  case  of  hydrogen  chloride,  if  an  extensive  series 
of  diffusions  is  carried  out,  it  is  found  that  in  the  case  of  the  heavy  fraction 
the  diffusion  coefficient  for  both  substances  increases  as  the  diffusion  pro- 
ceeds, but  much  more  rapidly  for  neon,  so  the  diffusion  coefficient  of  the 
latter  soon  becomes  the  larger.  However,  with  the  light  fraction  the 
diffusion  coefficients  of  both  become  less  favorable,  and  that  of  neon,  be- 
comes less  favorable  even  more  rapidly  than  that  of  hydrogen  chloride. 

The  compounds  of  chlorine  listed  in  the  table  indicate  that  if  CI,  CI2, 
Cls,  and  Cli  could  be  diffused,  the  rates  of  separation  in  terms  of  the  change 
of  atomic  weight  (separation  coefficient)  would  be  respectively  1,  ^/t,  V»i 
and  V4.  The  values  given  in  the  table  are  slightly  different  from  what 
would  be  expected  from  these  ratios,  since  all  but  CI2  are  loaded  with  either 
hydrogen  or  carbon. 

The  highest  rate  of  separation  for  an  element  of  given  isotopic  composition 
is  that  for  monatomic  molecules  of  the  pure  element.  The  separation 
coefficient  B/n^,  is  very  nearly  inversely  proportional  to  the  total  molec- 
ular weight  (see  table),  whether  the  molecule  contains  one  or  more  atoms 
of  the  isotopic  element.     When  n,  is  greater  than  1,  the  mixing  of  isotopes 
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in  a  single  molecule  tends  to  reduce  the  separation  coefficients,  as  pointed 
out  by  Harkins  in  connection  with  molecular  chlorine.  This  is,  however 
balanced  by  the  effect  of  the  large  difference  in  molecular  weight  of  the 
lightest  and  heaviest  molecular  isotopes,  so  that  the  effect  of  the  total 
molecular  weight,  as  indicated  by  Equations  7A  and  7A',  is  alone  effective. 
For  the  separation  of  the  element  chlorine,  hydrogen  chloride  is  evidently 
the  most  favorable  compound.  The  separation  coefficient  of  mercury  is 
rather  low,  but  this  is  more  than  compensated,  from  the  experimental  stand- 
point, by  the  chemical  inactivity,  volatility  and  ease  of  purification  of  the 
element,  and  the  acciuracy  with  which  changes  in  atomic  weight  can  be  de- 
termined by  density  measiu^ments.  According  to  the  theory  of  Harkins,  *® 
many  or  most  of  the  even-numbered  elements  above  nickel  should  contain 
numerous  isotopes.  In  agreement  with  this,  Aston  has  found  6  or  7  iso- 
topes each  for  the  elements  krjrpton,  xenon,  and  mercury.  The  wide 
separation  of  the  extreme  atomic  weights  tends  to  give  such  elements 
a  large  separation  coefficient,  if  the  extreme  components  are  present  in  any 
considerable  proportion,  for  the  coefficient  depends  on  the  squares  of  the 
intervals  in  atomic  weight  between  isotopes  (see  Equation  7A0. 

Such  elements  as  seleniiun,  cadmium,  tin,  and  tellurium,  should  on 
this  basis,  and  in  the  absence  of  specific  information  as  to  the  isotopic 
composition  be  favorable  cases  for  separation.  Experiments  upon  zinc 
and  cadmiiun  have  been  begun  in  this  laboratory. 

For  elements  or  compounds  containing  more  than  two  isotopes,  it  is 
possible  to  calculate  from  the  coefficient  E  a  virtual  atomic  or  molecular 
weight  interval  corresponding  to  the  case  of  only  two  isotopes.  For 
example,  the  mixtiu-e  of  isotopes  in  mercury  is  equivalent  to  an  equimolal 
mixture  of  two  isotopes  having  an  atomic  weight  difference  of  3.0  units. 

This  is  obtained  by  putting  ^^^^^^^^^=£=0.0057,  setting  ici=:x2=0.50, 

2M 

and  solving  for  AM;  (AAf),=\/8£M.  For  magnesium,  (AAf),=1.32; 
for  hydrogen  chloride,  1.68;  for  chlorine,  2.44;  for  carbon  tetrachloride, 
3.4;  for  zinc,  3.3,  etc. 

Isotopic  Molecules  and  Isomeric  Molecular  Isotopes. 

The  mol-fractions  of  the  various  molecular  species  of  a  given  chemical 
formula,  in  the  table  preceding  have  been  calculated  by  assuming  the  mole- 
cules to  have  been  built  up  from  their  atoms  according  to  chance.*^  If 
an  element  containing  mol-fractions  Xi  and  x^  of  two  isotopes  is  combined 
into  molecules  containing  «,  atoms  each  of  this  element,  there  will  be  n^+l 

»  Harkins,  This  Journal,  37,  1367  (1915). 

"  Soddy  {Nature,  105,  516  and  642  (1920))  gives  the  formtda  for  the  relative 
proportions  of  the  isotopes  of  the  chlorine  molecule,  whose  existence  had  been  pointed 
out  previously  by  Harkins  {Science,  Ref.  1). 
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isotopic  molecular  species,  whose  mol-fractions  can  be  shown  to  be  given 
by  the  successive  terms  of  the  expansion  of  (xi+xty*.  If  the  element 
has  (s)  instead  of  only  two  isotopes,  the  corresponding  expression  is 

{xi+x%+ +^*)"',  which  gives  ^-^ ^  terms,  corresponding 

Hel  (5  —  1)1 

to  an  equal  number  of  molecular  isotopes.    If  the  compound  contains 

atoms  of  several  elements  E,  E',  E'\ ,  each  having  a  set  of  isotopes, 

as  jBi,  £i, £„  for  element  £;  £'i,  E\, jBVi  for  element  E' ; 

etc.,  and  if  each  element  contains  mol-fractions  %\,Xi x,;  x'u  x\, 

x'g,  etc.,  of  its  isotopic  atomic  species,  then  the  mol-fractionsof  the  various 

possible  molecular  species  will  be  given**  by  the  terms  of  the  complete 

expansion    of    (xi+x«+ XsY*    (x\+x'2+ ^V)"'   ( ) 

( ) The  total  number  of  terms,  and  so  of  molecular  isotopes, 

(„,+s-l)l{n\+s'-m )!( )! 

IS — -— — - — ' —- ^^ —  •    Tne  composi- 

n.!nV (5- 1)1  (5'- 1)  I  ( )( )...  ^ 

tion  of  the  molecular  species  to  which  any  term  refers  is  given  by  the  par- 
ticular x's  occuring  in  that  term,  and  their  exponents.  Thus  (^1)  (^2) 
(af'O  (x\)t  (^'2)4  would  be  the  mol-fraction  of  the  molecular  species  Ei 
Et  E\  (£"1)2  (£"1)4.  This  might  represent,  for  exainple,  one  of  the  isotopes 
of  KiPtCU,  as  KWK"Pt»«(Cl«)2(Cl»»)4.  The  number  of  isotopes  of 
K|PtCl«,  if  potassium  has  2,  platinum  6,  and  chlorine  2,  is  given  by  the 

fonnula  above  as  = =  126.  If  tin  has  6,  and  silicon  3 

2I6I1I1I5!!!      215! 

isotopes,  then  there  are  30  molecular  species  of  the  formula  SnCU,  54  of  the 
fonnula  SnCl2Br2,  and  42  of  the  formula  Si2Cl«.  If  mercury  has  6  isotopes, 
H^Cls  has  63  isotopes  under  conditions  where  its  molecules  exist  as 
individuals.**    Similarly,  ZnCls  should  have  12  isotopes. 

Among  compounds  containing  more  than  one  isotopic  element,  there  will 
often  be  instances  of  isotopes  of  equal  molecular  weight.  For  example, 
MgCls,  under  conditions**  where  its  molecules  exist  as  permanent  entities, 
would  contain  9  isotopes  having  molecular  weights  94, 95, 96, 96, 97, 98, 98, 
99,  100.  For  both  Mg**Cl*»Cl*^  and  Mg*«(Cl**)2  the  molecular  weight  is 
96,  and  for  both  Mg**  (Cl*^2  and  Mg**Cl*«Cl*^  it  is  98  (isobaric  molecules). 

When  an  isotopic  element  appears  in  an  organic  molecule,  its  isotopism 

not  only  results  in  numerous  isotopic  molecular  species,  but  also  in  many 

cases  introduces  new  position  isomers.    For  example,  C«CU  must  have  7 

molecular  isotopes,  of  which  all  but  CeCCl'^s  and  C«(C1")6  must  exist  in  sev- 

"  These  expressions  take  account  of  all  elements  present  in  a  compound,  even  if 

some  of  them  contain  only  one  isotope  (5— 1).    The  factor     — V: — -—.   reduces  to  1 

n«  1(5— 1)  I 

in  the  latter  case  (01  =  1,  by  definition),  so  that  it  is  necessary  to  consider  only  the  ele- 
ments in  the  molecule  which  contain  isotopes. 

"  /.  e„  in  the  vapor  state,  or  in  solution  in  non-ionizing  solvents. 
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eral  isomeric  foims,  due  to  the  presence  of  the  two  different  substituents 
CI"  and  CI".  Again,  CHa.CHCl.CH2Cl  must  consist  of  4  molecular 
species,  the  isotopes  CHa.CHCl».CH,Cl",  CHs-CHCl'^CHjCl",  CH,.- 
CHCl^.CHaCl",  and  CHj.CHCl^.CHsCl",  the  last  two  being  isomeric 
forms  of  the  same  isotope. 

New  optical  isomers  are  possible  as  a  result  of  isotopism,  if  isotopic  atoms, 
by  virtue  of  their  different  masses  alone,  can  act  as  different  substituents 
to  make  carbon  or  other  atoms  asymmetric. 

Experimental  Work  with  Mercury. 
Purification. — The  mercury  used  was  purified  by  prolonged  agitation 
with  nitric  add,  followed  by  5  distillations  in  a  current  of  air  at  low  pres- 
sure according  to  the  method  of  Htdett  and  Minchin,**  who  claim  that  a 
single  distillation  gives  a  completely  pure  product.  The  first  and  last 
portions  were  rejected  in  each  distillation,  and  a  final  distillation  in  vacuo 
was   made. 

Evaporator. — ^The  apparatus  used  in  most  of  the  runs  was  of  P3rrez  glass.    It  is 
shown  in  Fig.  2.    The  mercury  was  placed  in  the  small  basin  B  and  was  heated  from 
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Fig.  2. 

Cross-section  of  evap- 
orator for  the  separa- 
tion of  isotopes  Gcss 
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Fig.  3. — Pycnometer. 


Fig.  4. — Section  of 
efficient  evaporator  for 
the  separation  of  iso- 
topes. 


below.  Ice  placed  in  the  cylindrical  jacket  F  caused  the  evaporating  molecules  to 
condense  on  the  roof  C  whose  slope  was  just  sufficient  so  that  the  droplets  ran  down 
into  the  annular  catch  D,  thence  into  the  receiver  E.  The  apparatus  was  filled  through 
A  and  emptied  by  cutting  of!  K,  containing  the  condensate,  and  then  pouring  the  residue 
out  through  the  opening.  The  ground-glass  joint  A  was  connected  to  a  mercury  diffu- 
sion pump  and  oil  pump,  and  to  a  McLeod  gage.  During  the  runs  the  apparatus  was 
evacuated  to  a  pressure  of  10"*  to  10  ~*  mm.  The  efficiency  was  probably  not  much 
reduced  until  the  pressure  rose  to  about  10  "•  mm.,  when  the  presence  of  air  caused  a 


"  Hulett  and  Minchin,  Phys.  Reo.,  21,  388  (1005). 
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considerable  slowing  up  of  the  operation,  and  deflection  of  the  mercury  molecules  so 
that  some  of  them  condensed  on  the  roof  of  D. 

The  first  runs  were  made  with  the  form  of  apparatus  shown  in  Pig.  4,  which  had  the 
evaporating  and  condensing  surfaces  very  dose  together,  so  that  a  high  efficiency  was 
to  be  expected.  About  1000  g.  of  mercury  was  sucked  into  the  apparatus  at  the  begin- 
ning of  the  run,  through  the  narrow  tube  at  the  bottom,  which  was  then  sealed  off. 
The  bottom  of  the  apparatus  was  heated  by  a  hot  water  bath  fitted  around  it,  and  the 
evaporating  molecules  were  condensed  in  the  form  of  a  solid  on  the  roof  of  the  apparatus, 
by  the  use  of  a  mixture  of  solid  carbon  dioxide  and  toluene  contained  in  an  insulated 
cylindrical  jacket  fitted  over  the  roof.  After  a  run,  air  was  admitted,  and  the  residual 
liquid  mercury  allowed  to  run  out  through  the  tube  atthe  bottom,  which  was  cut  open. 
The  solid  condensed  mercury,  after  it  had  melted,  was  allowed  to  run  out  through  the 
same  opening.  The  use  of  this  efficient  form  of  apparatus  had  to  be  given  up  on  account 
of  the  expense  involved  in  suppljring  the  necessary  carbon  dioxide  or  liquid  air. 

I^rcnometer. — A  spedal  form  of  pycnometer  was  used  in  the  density  determinations. 
The  pycnometer  proper  consisted  of  a  glass  bulb  sealed  to  a  thermometer  capillary. 
This  was  fitted  by  means  of  a  ground-glass  joint  to  a  filling  device  (Fig.  3).  This 
consisted  of  two  bulbs,  and  a  side-tube  A  with  a  third  bulb  and  a  ground-glass  joint 
through  vrhich  the  apparatus  was  evacuated.  The  mercury  sample  was  placed  in  the 
upper  bulb  B  and  by  rotating  A,  was  caused  to  flow  into  the  lower  bulb  C  after  the  pyc- 
nometer was  evacuated.  Air  was  then  admitted  into  the  bulbs,  which  forced  the  mer- 
cury into  the  pycnometer.  By  filling  at  a  low  temperature,  and  then  letting  the  mer- 
cury overflow  at  a  suitable  determined  temperature,  the  meniscus  was  brought  ap- 
proximately to  the  mark  (D)  at  26.000  ".  Its  distance  from  the  mark  was  then  measured 
by  means  of  a  cathetometer,  and  the  observed  weight  of  the  filled  pycnometer  corrected 
accordingly.  The  correction  was  seldom  over  0.1  mg.  For  a  given  sample  in  the  same 
pycnometer,  the  corrected  weights  in  successive  fillings  practically  never  varied  among 
themselves  by  more  than  0.3  mg.,  the  extreme  variation  averaging  about  0.2  mg.,  even 
when  the  weighings  were  made  at  intervals  of  dairs  or  weeks.  The  mean  of  three  or  more 
refillings  was  certainly  correct  to  better  than  0.1  mg.  or  about  1  part  in  1,000,000,  as 
can  be  judged  from  the  table  below.  Two  pycnometers  were  used  in  the  determinations, 
one  weighing  when  empty  13.4721  g.  and  holding  72.6375  g.  of  ordinary  mercury,  the 
other  weighing  20.6576  g.  and  holding  106.9962  g.  The  air-buoyancy  correction  for 
the  filled  pycnometer  was  only  0.56  mg.  in  the  first  case  and  0.95  mg.  in  the  second, 
and  therefore  not  appreciably  dependent  on  the  atmospheric  density.  The  effects  of 
pressure  on  the  thermometer  (0.002^  per  cm.  of  mercury),  and  on  the  pycnometers  were 
also  too  small  to  require  a  correction,  especially  in  view  of  the  fact  that  the  atmospheric 
pressure  varied  only  from  741  mm.  to  751  mm.  during  the  whole  series  of  determinations. 
No  attempt  other  than  filling  the  pycnometer  at  very  low  pressures  was  made  to  free 
the  samples  from  dissolved  gases,  but  this  factor  affected  all  the  samples  alike. 

Results. — ^With  a  cut  of  1.03,  using  the  apparatus  of  Fig.  4,  the  com- 
bined condensates  (Sample  1  of  table  p.  61)  from  two  short  runs  showed 
a  density  29  parts  in  1,000,000  less  than  that  of  the  original  material. 
By  Equation  7',  this  gives  the  value  0.0057  for  the  "separation  coeflScient" 
{B')  of  mercury.  Bronsted  and  von  Hevesy  reported  an  increase  of  density 
of  31  parts  per  million  for  the  residue  for  a  cut  of  about  4,  and  a  decrease 
of  20  parts  per  million  for  the  condensate  for  a  cut  of  about  ^/e-  The 
average  value  of  B'  calculated  from  these  data  is  0.0042,  so  that  their 
eflBciency  was  about  75%  assuming  the  above  value  of  B'  to  correspond 
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to  100%  eflSdency.  In  the  table  below,  the  results  of  the  present  work  are 
summarized.  The  same  sample  of  pure  mercury  was  used  throughout  as  a 
standard  of  density  and  differences  from  this  standard  are  expressed  in 
parts  per  million.  Using  the  apparatus  of  Pig.  2,  which  had  an  (initial) 
evaporating  area  of  17  sq.  cm.,  and  evaporating  at  a  rate  of  1  g.  per  sq.  cm. 
per  hour,  at  40°,  an  efficiency  of  93%  was  obtained  (Sample  2  of  table). 
In  a  run  at  85®,  with  an  evaporation  rate  of  2.6  g.  per  sq.  cm.  per  hour,  an 
efficiency  of  83%  was  obtained  (Sample  3)."  After  making  these  short 
runs,  a  systematic  fractionation  was  undertaken,  using  successive  cuts 
of  2.  It  was  aimed  to  sacrifice  efficiency  somewhat  to  speed  in  the  earlier 
stage,  so  that,  allowing  for  various  accidental  causes  of  inefficiency,  an 
efficiency  of  80%  was  expected.  One  hundred  and  fifty  g.  of  a  light  frac- 
tion (Sample  4)  resulting  from  four  successive  cuts  of  2,  has  been  obtained, 
and  shows  s,  decrease  of  density  of  64  parts  per  million^  in  exact  agreement 
with  that  calculated  for  an  average  efficiency  of  80%  in  each  operation. 
Similarly,  by  making  four  cuts  of  somewhat  more  than  2,  or  a  total  cut 
of  about  20  or  25,  140  g.  of  a  heavy  fraction  (Sample  5)  has  been  obtained 
which  shows  an  increase  in  density  of  6q  parts  per  million^  again  completely 
in  agreement  with  that  calculated.  A  larger  separation  could  undoubtedly 
have  been  obtained  but  the  above  results  were  considered  convincing. 
Further  work  is  being  done  on  the  separation  of  the  isotopes  of  mercury  by 
evaporation  and  diffusion  methods. 

Some  of  the  purified  mercury  used  in  the  above  evaporations  was  sub- 
jected to  distillation  imder  reduced  pressure,  with  the  intention  of  showing 
the  absence  of  impurities.  The  only  possible  impurities  which  could  have 
been  present  are  all  much  less  volatile  than  mercury,  and  so  should  have 
become  concentrated  in  the  residue,  if  not  wholly  oxidized  during  the  pre- 
liminary treatment,  or  by  the  air  dining  the  distillations.  Most  of  these 
impiuities  (zinc,  cadmium,  lead,  iron,  etc.)  are  decidedly  less  dense  than 
mercury,  so  that  their  presence  in  the  residue  would  cause  a  decrease  in 
its  density.  Only  the  very  slightly  volatile  metals  like  platinum,  gold,,  etc. , 
which  could  not  possibly  be  present  in  appreciable  amount  after  the  several 
redistillations,  could  have  caused  an  increase  in  density.  Actually,  in 
every  case,  the  residue  from-  a  distillation  was  found  denser  (4  to  7  parts 
per  million)  than  the  original  material;  and  the  first  portion  of  distillate 
was  if  anything  slightly  less  dense.  While  this  cannot  be  accoimted  .for 
by  the  presence  of  impurities,  (unless  by  the  presence  of  an  undiscovered 
element  similar  to  mercury,  but  denser  and  just  a  little  less  volatile)  it 
is  perfectly  satisfactorily  explained  as  due  to  a  very  inefficient  separation 

"For  a  perfectly  clean  surface  (see  Knudsen,  Ann.  Phys,,  47,  697  (1915));  this 
rate  of  evaporation  (2.6  g.)  should  be  reached  at  64*,  while  at  85"  the  rate  should  be 
about  19  g./sq.  cm./hr.,  according  to  the  Hertz  formula.  The  relative  rate  of  evapora- 
tion of  isotopes  should  not  be  affected,  however,  by  the  reduced  total  rate  of  evaporation. 
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of  isotopes  as  a  result  of  incomplete  eqiiilibrium  dtiring  the  vaporization 
of  the  mercury.  The  relatively  large  dianges  of  density  of  the  residues, 
as  compared  with  the  distillates,  are  in  harmony  with  the  theory.  The  cut 
is  very  large  (about  12)  for  the  residues,  thus  producing  a  relatively  lai^ 
increase  in  density,  while  the  corresponding  decrease  for  the  first  fraction 
of  distillate  should  be  numerically  equal  (see  theoretical  discussion) 
to  the  increase  for  a  cut  of  2.7.  The  efficiency  of  the  distillations,  as  com- 
pared with  the  method  of  evaporation,  was  about  6%  for  Sample  6,  which 
was  distilled  rapidly,  and  about  10%  for  Sample  7,  which  was  distilled 
slowly.  Evidently  there  is  a  slight  separation  of  isotopes  every  time 
mercury  is  distilled  under  reduced  pressure.  In  fact,  a  similar  effect  must 
occur,  to  an  extent  usually  negligibly  slight,  indeed,  in  every  distillation 
of  substances  containing  isotopes. 

Aside  from  the  indication  of  a  slight  separation  of  isotopes,  the  results 
of  the  distillations,  in  which  conditions  are  as  favorable  as  possible  for 
impurities  to  show  their  presence,  show  conclusively  that  the  changes 
of  density  resulting  from  the  evaporations,  which  are  made  tmder  conditions 
distinctly  imfavorable  to  a  separation  of  impiuities,  yet  yield  changes  of 
density  of  a  larger  order  of  tnagnitude  than  the  distillations,  must  be  due 
to  a  separation  of  isotopes. 

The  results  show  that  even  a  considerable  number  of  collisions  of  mole- 
cules can  occur  before  condensation  without  great  loss  of  efficiency.  The 
instantaneous  molecular  density  in  the  space  above  the  evaporating  liquid 
should,  according  to  calculations,  be  about  V»  that  in  the  saturated 
vapor  if  no  collisions  occm-.    The  vapor  pressiu-e  corresponding  to  an 

Tabls  II 

Summary  op  Density  Rbsxtlts 

Density  Changes  in  Parts  per  Million 

EvaporaUons 

No.  of  Mean  change  Av.  deviation 

refillings     of  density  (a  .J.)  of  mean 
Sample                                         Cut                  of  pycnometer  (p.  p.  m.)        (p.  p.  m.) 

1  Condensate 1.03  2  -29  ±0.7 

2  Condensate 3  -20  0.4 

Rcsidnc 2.22  2  +18  0.2 

3  Condensate 2  -20  0.1 

Residue 1.67  1+9 

4  Light  fraction 4  cuts  of  2  2  -64  0.7 

5  Heavy  fraction 20  or  25  2  +69 

Difference  in  Density  Between  Extreme  Fractions,  133  Parts  per  Million. 
Distillations 

6  First  fraction 2  -1.5  =*=1.6 

Rcffldue (?)  2  +3.5  0.4 

7  First  fraction ....                                  ... 

Residue .11.9  2  +4.0  0.8 

8  Post  fraction (6  cc.  out  of  85  cc.)  3  -1.5  0.9 

Residue 13.0  3  +7.2  0.8 
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evaporation  rate  of  4  g.  per  sq.  cm.  per  second  is  0.025  nun.,  and  the  mean 
free  path  in  saturated  vapor  at  this  pressiue  is  about  1  mm.  The  actual 
mean  free  path  was  probably  not  over  3  mm.  The  average  net  distance 
any  molecule  had  to  travel  before  condensation  was  about  30  mm.  in  the 
apparatus  used,**  so  that  evciy  molecule  must  have  suffered  a  number 
of  collisions  on  its  way. 

A  Classification  of  Methods  used  for  Separating  Isotopes. 

It  seems  worth  while  to  classify,  in  outline  form,  the  principal  methods 
which  might  be  used  for  separating  isotopes.*^ 

I.  Methods  using  phenomena  involving  thermal  motion  of  molecules  and  dependent 
on  molecular  velocities  and  their  distribution.    Separation  necessarily  incomplete. 

1.  Eqivlibrium  practically  complete,** — ^pressure  and  temperature  constant  through- 

out the  S3rtem, — ^little  or  no  separation.*' 
A.  Slow  distillation,  slow  crystallization,  chemical  reactions  in  general. 

2.  Equilibrium  under  a  pressure  or  temperature  gradient,*^ — degree  of  separation 

proportional  to  logarithm  of  ratio  of  pressures  or  temperatures  at  ends  of  gradient, 
which  ratio  may  theoretically  be  made  indefinitely  great,  but  practically  is 
limited. 

A.  Equilibritun  under  a  pressure  gradient,  due  to  gravity  or  rapid  rotation,*^  or 
electron  impact,'^  etc., — degree  of  separation  proportional  to  the  logarithm  of 
the  pressure  ratio;  or  for  centrifugal  separation,  to  the  square  of  the  peripheral 
velocity,  also  to  the  product  of  the  mol  fractions  and  to  the  square  of  the  interval 
between  the  atomic  weights  of  the  two  isotopes,  but  independent  of  the  molecular 
weight. 

B.  Equilibrium  under  a  temperature  gradient  (thermal  diffusion'*) — degree  of 
separation  approximately  proportional  to  the  logarithm  of  the  temperature 
ratio;  also  to  the  product  of  the  mol  fractions,  to  the  square  of  the  difference  of 
the  molecular  weights  of  the  two  isotopes,  and  inversely  proportional  to  the  molec- 
ular weight, 

3.  Non-equilibrium  processes.    Flow  under  a  gradient  of  partial  pressure  or  con- 

centration. The  maximum  efficiency  of  separation  in  A,  B,  and  C,  is  given  for 
zero  partial  presssure  at  the  lower  end  of  the  gradient.  The  degree  of  separation 
in  A,  B,  and  C,  is  definite  and  limited  for  the  light  fraction,  but  proportional  to 

**  In  the  more  ideal  apparatus  shown  in  Pig.  4  this  distance  could  be  made  as  little  as  5 
mm.  This  apparatus  was  found  to  have  a  higher  efficiency  than  that  illustrated  in  Fig.  2. 
The  use  of  the  less  efficient  form  as  in  the  present  work,  is  not  advisable,  since,  in  order 
to  produce  a  given  amount  of  material  having  a  given  change  in  atomic  weight  a  multi- 
plication of  the  number  of  operations  is  necessary. 

*^  Compare  Lindemann  and  Aston,  Phil.  Mag.,  [6]  37,  523  (1919),  who  discuss  in 
particular,  methods  I,  1;  I,  2,  A;  asd  11,  1. 

*'  Compare  Lindemann  and  Aston,  Ref.  27;  I<indemann,  Phil.  Mag.,  [6]  38,  173 
(1919);  Soddy,  Ref.  21. 

*'  A  photochemical  method  of  separation  is  being  tried  by  Merton  and  Hartley 
{Nature,  105,  104  (1920)). 

^  A  fuller  discussion  of  these  methods  of  separating  isotopes,  including  a  comparison 
with  the  diffusion  methods  here  discussed,  will  be  given  in  a  subsequent  paper. 

»>  Skaupy,  Z.  Physik,  2,  213  (1920). 

"  Chapman,  PhU  Mag.,  [6]  38,  182  (1919). 
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the  logarithm  of  the  cut  for  the  heavy  fraction;  while  for  both  fractions  it  is  pro- 
portional to  the  product  of  the  mol  fractions  (as  in  thermal  diffusion). 

A.  Molecular  effusicm  and  non-equilibritun  evaporation.** 

B.  Molecular  diffusion. 

C.  Interdiffusion  of  gases. 

D.  liquid  diffusion  (separation  probably  small  because  diffusion  coefficients  in 
liquids  depend  on  atomic  or  molecular  volumes). 

£.  Rapid  solution,  precipitation,  etc.*' 
P.  Initial  effects  in  evaporation,  diffusion,  etc. 
II.  Methods  using  phenomena  in  which  molecules  act  as  independent  masses, — sep- 
aration almost  complete. 
1.  Positive  ray  methods,*'— yields  very  small,  though  products  are,  theoretically, 
almost  pure. 
2.  Possibly,  electroljTsis  of  ionized  liquid  or  gas  (separation  probably  difficult  or 
impossible,  because  mobility  of  isotopic  ions  is  probably  practically  equal;  slight 
differences  of  mobility  will  be  masked  by  diffusion  and  convection).*^ 

Summary. 

1.  The  various  phenomena  of  di£fusion  and  effusion  in  gases  are  dis- 
cussed in  connection  with  the  separation  of  isotopes,  (a)  It  is  shown  that 
for  the  processes  of  molecular  diffusion  through  a  porous  membrane, 
molecular  effusion,  and  non-equilibrium  evaporation,  the  relative  rates 
of  escape  of  isotopes  are  proportional  to  their  respective  mol-fractions  and 
inversely  proportional'  to  the  square  roots  of  their  molecular  weights. 
In  all  the  above  processes  the  molecules  (which  may  of  course  be  monatom- 
ic,  as  in  the  case  of  neon  or  mercury)  move  independently.  As  collisions 
between  molecules  become  more  frequent,  molecular  diffusion  passes  into 
capillary  transpiration,  or  mass  motion,  and  non-equilibrium  evaporation 
passes  into  ordinary  distillation.  In  either  case,  practically  no  separation 
of  isotopes  occurs,  (b)  If  a  gaseous  mixttue  of  isotopes  diffuses  into  an- 
other gas,  with  no  convective  mixing,  the  diffusion  coefficients  of  any  two 

Xi   ^iMi 

isotopes  are  probably  in  the  ratio  -  ^v —  ,  where  c  is  a  variable  quantity 

Xi  ^  Ml 

usually  in  the  neighborhood  of  1  or  2.  The  theory  is  complicated,  but 
indicates  a  higher  rate  of  separation  than  for  molecular  diffusion  and  evap- 
oration, for  which  c  is  always  2.  (c)  Another  possible  method  is  that  of 
"initial  diffusion,"  which  would  take  advantage  of  the  fact  that  the  front 

**  The  method  of  irreversible  condensation  of  a  vapor  or  gas  is  a  special  case  of  the 
method  of  molecular  effusion*  and  is  thus  somewhat  similar  to  irreversible  evaporation. 
J.  J.  Thomson's  suggestion  (Proc.  Roy.  Soc,  99A,  87  (1921)  that  the  isotopes  of  chlorine 
Bu^t  be  sQMiated  by  fractional  absorption  of  hydrogen  chloride  in  an  alkaline  solu- 
tion would  make  use  of  this  method.  This  would  hardly  be  practical*  however,  due 
to  the  rapidity  of  the  absorption  and  th^  consequent  impossibility  of  good  mixing.  If 
air  were  admixed  with  the  hydrogen  chloride,  there  might  be  some  degree  of  separation 
as  a  result  of  gaseous  diffusion. 

**  See  also  Undemann,  Proc.  Roy.  Soc,  99Ay  87  (1921). 
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rank  of  molecules  diffusing  into  a  gas  or  a  vacuum  should  be  enriched  in  the 
lighter  isotopes. 

2.  The  theory  of  non-equilibritun  evaporation  is  discussed.  If  the  vapor 
pressures  of  isotopes  when  pure  are  equal,  a  separation  must  occur  when  an 
isotopic  liquid  is  evaporated  in  vacuo  in  such  a  way  that  practically  all  the 
evaporating  molecules  are  condensed.  For  an  efficient  separation  good 
mixing  must  take  place  in  the  surface  and  body  of  the  liquid.  This  con- 
sideration bars  the  use  of  the  method  with  solids,  but  solutions  or  liquid 
alloys  might  be  used. 

3.  Simple  and  closely  approximate  equations  are  developed  for  the 
change  in  the  mol-fraction  of  any  isotope  and  for  the  change  of  atomic 
weight  in  a  mixture  of  any  nimiber  of  isotopes,  when  the  latter  is  separated 
into  fractions  by  a  diffusion  or  evaporation  process.  (See  Equations  6 
to  16  and  6'  to  160-  These  hold  closely  only  for  small  changes  in  atomic 
weight,  but  by  a  second  approximation.  Equations  8,  9,  10,  17,  18  are 
obtained,  which  hold  closely  even  for  changes  of  considerable  magnitude, 
Equations  3  and  4  permit  exact  calculations  in  the  case  of  large  changes, 
but  apply  only  to  the  case  of  two  isotopes.  The  rate  of  separation  of  two 
isotopes,  as  measured  by  the  change  in  atomic  weight  for  a  given  operation 
is  proportional  to  the  square  of  the  interval  between  the  molecular  uteights 
of  the  two  isotopes,  inversely  proportional  to  the  ordinary  molecular  weight, 
and  proportional  to  the  product  of  the  mol-fractions  of  the  isotopes.  For  a 
mixture  of  any  number  of  isotopes,  similar  relations  are  shown  to  hold. 
For  a  given  element,  the  separation  coefficient  (equal  to  the  decrease  of 
atomic  weight  of  the  isotopic  mixture  for  the  first  small  portion  of  diffusate 
or  condensate)  is  inversely  proportional  to  the  molecular  weight  of  ike  com- 
pound in  which  that  element  is  combined.  A  table  of  separation  coeffi- 
cients is  given,  calculated  from  atomic  weights  and  the  restdts  of  positive 
ray  analysis.  The  value  given  for  mercury  has  been  calculated  from  the 
present  experimental  data. 

4.  Most  of  the  equations  developed  apply  to  the  separation  by  diffusion 
of  any  gaseous  mixture,  whether  or  not  it  consists  of  isotopes.  Equations 
3,  4,  9,  10,  6,  7,  6B,  and  7B  are  especially  useful.  Equations  6A,  6A', 
7 A,  and  7A',  are  applicable  only  to  the  separation  of  a  mixture  of  gases 
having  very  nearly  the  same  molecular  weight;  Equations  6B  and  7B  fail 
only  if  the  ratio  of  molecular  weights  is  far  from  unity. 

5.  In  systematic  fractionation  the  diffusate  (or  condensate)  being  formed 
at  any  time  has  an  atomic  weight  less  than  that  of  the  corresponding 
residue,  which  becomes  denser  as  the  diffusion  proceeds,  by  a  constant 
amount.  Thus  the  enrichment  of  the  light  fraction  is  a  maximum  at  the 
beginning.  The  atomic  weight  of  the  residue  increases  indefinitely,  however, 
in  proportion  as  the  logarithm  of  its  quantity  decreases,  while  at  the  same 
time  the  atomic  weight  of  the  total  diffusate  approaches  that  of  the  original 
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material.  (Consult  Fig.  1).  The  use  of  cuts  of  2  gives  equal  and  oppo- 
site enridunents  for  the  two  fractions,  equal  in  magnitude  to  0.693  times 
the  separation  coefl&dent,  or  initial  enrichment  for  the  light  fraction.  EfiS- 
dency  conditions  are  discussed. 

6.  Formulas  are  given  for  calculating  the  proportions  and  numbers  of 
isotopic  molecular  spedes  in  compounds  containing  several  isotopic  atomic 
spedes.  Zinc  ddoride  contains  12  molecular  isotopes,  and  if,  for  example, 
tin  has  6  isotopes,  the  compotmd  SnCU  is  a  mixture  of  30,  and 
SnCl2Br2,  of  54,  different  molecular  isotopes.  The  existence  of  many  new 
isomers  due  to  isotopism  is  also  pointed  out. 

7.  Experimental  work  on  the  partial  separation  of  mercury  into  isotopes 
by  non-equilibrium  evaporation  is  described.'*  Calculation  based  on  data 
for  a  very  eflSdent  evaporation  gives  a  value  of  0.0057  for  the  separation 
coeffident  of  mercury.  Other  runs  with  a  less  effident  apparatus  gave 
concordant  data.  The  results  agree  with  those  reported  by  Bronsted  and 
von  Hevesy,  but  the  eflSdency  is  better  than  theirs.  By  making  four 
successive  cuts  of  approximately  2,  on  both  light  and  hes^vy  fractions, 
a  much  larger  decrease,  of  64  parts  per  million,  or  0.013  units  of  atomic 
weight,  has  been  obtained  on  the  lightest  fraction,  and  a  corresponding 
increase  of  69  parts  per  million  or  0.014  units  on  the  extreme  heavy  frac- 
tion. The  restdts  are  in  complete  agreement  with  the  theory  devdoped 
in  this  paper.  The  total  difference  in  density  between  the  extreme  fractions 
is  thus  133  parts  per  million,  and  the  difference  in  atomic  weight,  0,027  tinits. 
Data  are  given  showing  that  a  slight  separation  of  isotopes  occurs  even 
in  an  ordinary  distillation  imder  reduced  pressure. 

8.  A  dassification  in  outline  of  the  possible  methods  for  separating  iso- 
topes is  given. 

CmcAGO,  Iixmois. 

••  A  larger  separation  has  very  recently  been  obtained  by  molecular  diffusion  of 
mercury  vapor  through  filter  paper  at  150^.  The  results  indicate  that  the  separation 
coefficient  of  mercury  is  higher  than  0.0057.  A  chemical  method  of  separation  and  an 
electrolytic  method  have  also  been  tried.     All  these  will  be  described  in  a  later  paper. 
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[Contribution  from  thb  Sbvbrancb  Laboratory  of  Obisrun  Coujiob.] 
CELLULOSE  NITRATE  AS  AN  EMULSIFYraG  AGENT. 

By  Harry  N.  Holmss  and  Don  H  Cambron. 

Received  September  8.  1021. 

Two  immiscible  liquids  are  readily  emulsified  temporarily  by  shaking, 
but  a  third  substance,  the  so-called  ''emulsifying  agent"  must  be  present 
to  insure  stability  to  the  emulsion.  Soaps  are  the  best  known  emulsi- 
fying agents,  but  other  substances  are  used,  even  gelatin  and  basic  cupric 
sulfate.  As  a  general  rule  the  emulsifying  agent  must  be  soluble  in,  or 
rather,  peptized  by  one  of  the  liquids.  This  explains  the  common  use 
of  colloids  for  this  purpose,  yet  a  finely  divided  substance  that  is  more 
readily  wetted  by  the  one  liquid  than  by  the  other  may  serve. 

Cellulose  nitrate  is  colloidally  dispersed  in  such  a  number  of  liquids 
that  it  seemed  certain  it  must  be  an  excellent  emtdsifjnng  agent  for  cer- 
tain pairs  of  immiscible  liquids.  In  addition,  its  use  promised  to  throw 
some  light  on  the  various  theories  of  emulsification.  Schoepf  ^  used  it  to 
emulsify  glycerol  in  alcohol-ether. 

Choice  of  Liquids. — Water  is  generally  selected  as  one  of  the  two 
liquids  in  an  emulsion  but  glycerol  may  be  used  in  its  place  in  most  cases. 
Pairs  of  immiscible  liquids  that  do  not  use  either  water  or  glycerol  are  far 
from  numerous.  In  the  conventional  phrases  "water-in-oil"  or  **oil- 
in-water"  emulsions  we  class  water  and  glycerol  as  "water,"  and  most 
other  liquids  as  "oil." 

For  this  research,  the  liquids  chosen  are  arranged  in  pairs.  Liquids 
under  A  are  insoluble  or  but  slightly  soluble  in  the  liquids  under  S.  Their 
action  toward  cellulose  nitrate  is  indicated.  Cellulose  nitrate  is  abbre- 
viated as  "c.  n." 

A  -B 

Do  not  peptize  c.  n.  Peptize  c.  n.  Indififercnt  Precipitate  c.  n. 

Glycerol  Acetone  Benzene  Ccurbon  disulfide 

Toluene  Carbon  tetrachloride 
Chloroform 

Glycerol  Ethyl  acetate     Toluene  Chloroform 

or  or 

Water  Amyl  acetate     Toluene 

Peptization  of  Cellulose  Nitrate.-^Cellulose  nitrate  is  peptized  by 
acetone,  amyl  acetate,  alcohol-ether,  acetic  acid,  etc.  From  such  solu- 
tions it  is  readily  precipitated  by  any  liquid  which  does  not  peptize  it  and 
which  is  soluble  in  the  given  cellulose-nitrate  solvent.  For  example, 
carbon  disulfide,  carbon  tetrachloride  and  chloroform  precipitate  the 
nitrate  from  "solution"  in  amyl  acetate.  Water  will  precipitate  it  from 
water-soluble  solvents  such  as  acetone,  methyl  alcohol  and  acertic  acid. 
^KolloidZ.,S,SS  (1911). 
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Benzene  and  toluene,  while  they  do  not  peptize  the  dry  ester,  can  be 
added  in  large  amounts  to  solutions  of  that  material  in  other  solvents, 
without  causing  precipitation.  Possibly  these  two  liquids  possess  some 
peptizing  power. 

Emulsion  Types. — Using  cellulose  nitrate  as  the  emulsifying  agent, 
the  emulsions  formed  were  of  the  *'water-in-oil"  type.  For  example, 
emulsions  of  water  in  amyl  acetate  and  of  glycerol  in  acetone  were  formed. 
The  type  was  determined  by  placing  a  drop  of  the  emulsion  upon  the 
liquid  of  each  phase  and  observing  with  which  liquid  it  was  misdble. 
An  emulsion  of  water  in  amyl  acetate  mixed  readily  with  amyl.  acetate, 
indicating  that  water  was  the  dispersed  phase. 

Theory  of  Emulsification. — Cellulose  nitrate,  peptized  in  a  mixture 
of  1  part  of  amyl  acetate  and  3  parts  of  benzene,  will  form  the  continuous 
phase  for  an  exnukion  with  water  as  dispersed  phase.  If  several  large 
drops  of  water  are  added  to  such  a  cellulose  nitrate  solution  in  a  beaker, 
a  film  can  soon  be  seen  to  form  around  each  water  drop.  These  films 
appear  to  be  of  a  tough  and  elastic  nature  and  to  interfere  with  the  coa- 
lescence of  the  drops.  This  is  visible  evidence  to  support  the  theory  that 
a  coherent  film  of  the  colloidal  emulsifying  agent  is  formed  around  each 
dispersed  drop  in  an  emulsion. 

The  film  which  is  formed  in  this  case  is  rendered  visible  when  there  is 
sufficient  diflference  in  refractive  index  between  the  film  and  the  sturound- 
ing  liquids.  In  other  emidsions  the  film  may  be  present  but  invisible 
because  there  may  be  no  such  di£ference  in  refractive  indices. 

A  visible  interfadal  film  indicates  an  increased  concentration  of  the 
emulsifying  agent  at  the  liquid-liquid  interface.  This  increase  was  de- 
termined quantitatively  in  the  manner  described  below. 

Experimental  Part. 

An  emulsion  of  glycerol  dispersed  in  an  acetone  solution  of  cellulose 
nitrate  was  selected  for  this  study.  This  system  is  one  in  which  water 
is  not  used  for  either  phase.  Both  phases  readily  dissolve  in  water  while 
the  emulsifying  agent  remains  undissolved. 

Reagents. — ^The  glycerol  used  was  a  commercial  U.  S.  P.  DC  quality.  The  index 
of  refraction  of  this  was  observed  and  found  to  be  1 .4668  at  20  ^  indicating  the  presence 
of  about  4-5%  of  water. 

The  acetone  was  a  commercial  c.  p.  grade  which  had  been  dried  for  several  days 
over  calcium  chloride  and  further  purified  by  distilling  over  calcium  chloride. 

A  sample  of  cellulose  nitrate'  containing  11 .04%  of  nitrogen  was  selected  for  this 
woik.  The  solid  ester  was  dried  in  the  air  over  a  steam  radiator  for  several  days  and 
a  5%  stock  solution  prepared  by  peptizing  in  acetone. 

Procedure. — Acetone  was  found  to  be  somewhat  soluble  in  glycerol, 
so  the  glycerol  for  the  dispersed  phase  was  first  sattu-ated  with  acetone. 
*  Obtained  through  the  courtesy  of  the  E.  I.  Du  Pont  de  Nemours  Co. 
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Seven  cellulose  nitrate-acetone  solutions  were  prepared  from  the  stock 
solution,  each  with  a  different  concentration  of  the  nitrate.  These  solu- 
tions were  used  for  the  continuous  phase  in  a  set  of  emulsions  prepared 
as  follows. 

Twenty-five  cc.  of  cellulose  nitrate-acetone  solution  was  measured 
with  a  pipet  into  a  125cc.  emulsion  bottle  of  35  mm.  diameter.  Forty 
cc  of  glycerol  was  added,  with  5  minutes'  shaking  in  a  power-driven  shak- 
ing machine  after  each  addition.  Twenty-five  minutes'  additional  shaking 
was  given  after  the  final  addition  of  glycerol,  in  order  to  produce  a  maxi- 
mum and  uniform  disintegration  of  the  glycerol  into  minute  drops. 

The  shaking  machine  was  of  such  a  size  that  7  of  the  emulsion  bottles 
could  be  shaken  at  one  time.  A  set  of  7  emulsions,  each  with  acetone 
solution  of  different  cellulose  nitrate  content,  was  prepared.  The  7 
emulsions  received  the  same  mechanical  treatment  and  were  in  all  ways 
subjected  to  uniform  conditions. 

After  being  prepared  this  set  was  put  aside  to  ''cream."  In  these  emul- 
sions, since  the  glycerol  has  a  greater  density  than  the  acetone,  the  cream 
layer  sinks,  leaving  a  dear  acetone-cellulose  nitrate  solution  at  the  top, 
with  a  sharp  boundary  between  the  two  layers. 

After  "creaming"  had  taken  place,  10  cc.  of  the  dear  acetone  layer 
above  was  removed  and  the  cellulose  nitrate  content  determined,  and 
compared  with  that  of  the  original  cellulose  nitrate-acetone  solution. 

Determination  of  Cellulose  Nitrate  Content. — Several  different  methods  were 
tried  and  the  following  finally  chosen  as  a  satisfactory  means  of  accmately  determining 
the  cellulose  nitrate  content  of  an  acetone  solution.  The  difficulty  encountered  in 
this  determination  was  that  of  removing  the  small  amount  of  glycerol  retained  by  the 
acetone. 

Ten  cc.  of  the  acetone  solution  was  withdrawn  with  a  pipet,  the  same  pipet  being 
used  in  each  case.  This  was  put  into  a  lOOcc.  beaker  and  about  50  cc.  of  water  added, 
causing  some  of  the  nitrate  to  go  into  a  coarse  colloidal  suspension  while  the  remainder 
was  precipitated  in  curdy  form.  Two  drops  of  a  10%  solution  of  aluminum  chloride 
were  then  added  to  coagulate  the  suspended  matter,  and  the  whole  heated  to  boiling 
for  a  few  minutes  to  eliminate  the  acetone  and  aid  coagulation.  The  precipitated 
material  was  then  filtered  on  a  weighed  Gooch  crucible,  washed  with  water  and  dried 
to  a  constant  weight  at  90-100^.  Care  was  taken  to  prevent  decomposition  of  the 
material  from  overheating.  The  cellulose  nitrate  contents  of  both  the  stock  solution 
and  the  solutions  from  the  emulsions  were  determined  in  this  manner. 

Experimental  Results. — After  the  set  of  7  emulsions  had  stood  un- 
distiu-bed  for  18  hours,  10  cc.  of  the  dear  acetone  layer  was  removed 
and  the  cellulose  nitrate  content  determined.  The  exact  content  in  the 
original  solutions  was  also  accurately  meastu^d.  The  values  of  Table  I 
were  observed. 

By  comparison  of  the  values  obtained  in  Determinations  I  and  II  on 
the  stock  solutions  it  is  seen  that  the  method  gave  results  accurate  to 
the  third  decimal  place. 
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Tabja  I 

'Rjssavts 

Stock  aolntion 
I                     n 
G.                       G. 

Araage 
G. 

Prom  emulsion 

Loss  of  Ester 
G. 

1 

0.0051 

0.0064 

0.0058 

0.0049 

0.0009 

2 

0.0275 

0.0273 

0.0274 

0.0251 

0.0023 

3 

0.0345 

0.0342 

0.0344 

0.0310 

0.0034 

4 

0.0528 

0.0533 

0.0531 

0.0493 

0.0037 

5 

0.0988 

0.0988 

0.0988 

0.0910 

0.0078 

6 

0.1468 

0.1458 

0.1463 

0.1300 

0.0163 

7 

0.2332 

0.2498 

0.2168 

Speed  of  Creaming  and  Stability. — ^The  speed  of  creaming  and  the 
stability  of  the  emulsions  in  the  above  set  were  progressive  from  1  to  7. 
Emulsion  1  creamed  very  quickly,  and  in  less  than  an  hour  started  to 
break.  Emulsion  7  creamed  very  slowly,  and  after  18  hoiurs  the  acetone 
kyer  was  but  little  more  than  10  cc.  in  volume  This  emulsion — that 
is,  the  eream  layer  in  the  bottle — 
did  not  break  for  more  than  a  week. 
Between  these  extremes  the  cream- 
ing and  breaking' while  progressive 
as  to  order,  showed  some  variations 
in  regard  to  time.  Emulsions  1, 2, 
3  and  4  were  comparatively  imsta- 
ble,  breaking  in  less  than  3  days. 
Emulsions  5,  6  and  7  were  of  the  ^ 
same  order  of  stability.  They  re-  a 
mained  unbroken  for  a  week.  | 

It  will  be  noted  that  these  emul-  ^ 
sions  were  made  with  such  propor-  ^^ 
tions  of  the  two  liquids  that  a  cream  20 
of  70  to  80  %  dispersed  phase  could  10 
separate,  leaving  a  dear  upper  layer 
of  about  15  cc.  of  acetone. 
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Conclusions. 
The  experimental  data  show  that 
there  is  an  increase  in  concentra- 
ti<m  of  cellulose  nitrate  at  the  ace- 
tone-glyceiol  interface.  The  values, 
when  plotted,  do  not  give  a  curve 
resembling  a  typical  adsorption 
curve,  but  rather  show  some  irre- 
versible reaction,  as  coagulation,  in 
addition  to  adsorption^ 


1020304050 — ^c 
Adsorption  of  cellulose  nitrate  by  glyc- 
erol at  the  acetone-glycerol  interface. 


Grams  adsorbed 

Grams  free 

inlOcc. 

inlOcc. 

1.  0.0009 

0.0049 

2.  0.0023 

0.0251 

3.  0.0034 

0.0310 

4,  0.0037 

0.0493 

6.  0.0078 

0.0910 

6.  0.0163 

0.1300 

7.     — 

0.2168 
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The  nature  of  the  curve  is  such  as  would  be  expected  after  having  seen 
a  visible  film  of  the  nitrate  form  around  water  drops  in  an  amyl  acetate- 
benzene  solution  as  mentioned  above.  Between  0  and  4  on  the  curve 
there  is  evidence  of  adsorption  only.  Between  Points  4  and  5  some  rad- 
ical change  occturs  and  we  believe  that  adsorption  is  so  great  that  precip- 
itation or  coagulation  results. 

The  change  in  direction  of  the  curve  between  Points  4  and  5,  since 
it  is  the  result  of  a  sudden  increase  in  the  amount  of  cellulose  nitrate  at 
the  acetone-glycerol  interface,  should  correspond  to  some  physical  diflFer- 
ence  between  Emulsions  4  and  5.  As  noted  above,  emulsions  1,  2,  3  and 
4  are  much  less  stable  than  Emulsions  5,  6  and  7. 

The  values  and  consequently  the  curve  given  caimot  be  claimed  as 
absolutely  accurate  although  the  7  emulsions  were  made  under  the 
same  conditions  and  subjected  to  identical  treatment.  It  is  assumed, 
however,  that  the  active  surfaces  in  all  the  emulsions  were  very  nearly 
the  same. 

The  Interf  acial  Film. — ^The  stability  of  any  emulsion  is  due  largely  to 
the  nature  of  the  interfadal  film  which  is  formed.  From  the  above  results 
it  seems  probable  that  with  cellulose  nitrate  there  is  a  minimum  concen- 
tration of  the  nitrate  necessary  for  the  production  of  a  stable  emulsion. 

The  interfacial  film  may  be  regarded  as  an  equilibrium  product  re- 
sulting from  the  precipitating  action  on  the  "water"  side  and  the  pep- 
tizing action  on  the  solvent  side.  When  equilibrium  is  reached  the  amount 
of  cdlulose  nitrate  in  the  film  should  be  in  equilibrium  with  the  amount 
in  "solution." 

The  desirable  film  for  an  emulsion  is  one  that  forms  readily  and  comes 
to  equilibrium  in  a  short  time.  It  should  be  elastic,  tough,  and  should 
change  little  with  age.  Such  a  film  on  the  "solvent"  side  will  be  gelat- 
inous and  swollen  with  that  liquid,  due  to  peptizing  action.  On  the 
"water"  side,  the  cellulose  nitrate  will  be  coagulated  and  "wetted" 
somewhat  by  the  "water"  phase. 

Summary. 

Cellulose  nitrate  was  fotmd  to  serve  as  an  excellent  emulsifying  agent 
in  dispersing  water  (or  glycerol)  throughout  amyl  acetate  or  other  "sol- 
vents" for  the  nitrate. 

Visible  concentration  films  of  cellulose  nitrate  were  observed  around 
large  drops  of  water  "emulsified"  in  amyl-acetate-benzene.  An  increase 
in  concentration  of  cellulose  nitrate  at  the  acetone-glycerol  interface  was 
studied  quantitatively. 

The  properties  of  an  ideal  emulsifying  film  are  discussed. 

OBBiaiN,   Opio. 
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[ComsiBimoN  moM  ths  Ssvsrancs  Chsmical  Laboratoay  of  Obsrlin  Coiaegs.] 
CHROMATIC  EMULSIONS. 
By  Harry  N.  Hoz^mbs  and  Don  H.  Cameron.^ 

Recdved  September  8,  1921. 

Emulsions  exhibiting  a  wide  range  of  structural  colors  (suggestive  of  the 
chromatic  scale  of  tones  in  music)  were  first  prepared  by  Bodroux*  who, 
however,  neglected  to  use  an  emulsifying  agent.  Consequently  his 
emulsions  quickly  separated,  into  two  layers.  Our  use  of  very  different 
liquids  with  cellulose  nitrate  as  an  emidsifying  agent  enabled  us  to  prepare 
remarkably  beautiful  emulsions  that  lasted  for  several  weeks.  We  se- 
cured these  colors  in  attempting  to  prepare  a  number  of  transparent 
emulsions. 

Transparent  Entalsions. — Ordinarily  when  two  transparent  liquids 
are  emulsified  a  milky-white  mixture  results.  For  example,  kerosene 
shaken  with  water  gives  such  an  emulsion.  Yet  transparent  emulsions 
can  readily  be  prepared.  Transparency  depends  upon  the  relative  indices 
of  refraction  of  the  two  liquid  phases.  If  both  phases  have  the  same  re- 
fractive index,  there  will  be  neither  reflection  nor  refraction  and  the  system 
will  appear  homogeneous  and  entirely  transparent. 

Glycerol  and  olive  oil  are  mutually  insoluble  and  emulsify  on  shaking, 
forming  a  rather  transparent  emidsion.  A  more  transparent  mixture  is 
obtained  by  dispersing  glycerol  in  carbon  tetrachloride  using  calcium  oleate 
(previously  dissolved  in  the  carbon  tetrachloride)  as  the  emulsifying  agent. 

Glycerol  and  amyl  acetate  are  mutually  insoluble  and  yield  an  excellent 
creamy  emulsion  on  shaking.  The  same  is  true  of  water  and  amyl  acetate. 
Yet  when  a  mixture  of  water  and  glycerol  having  the  same  index  of  re- 
fraction as  amyl  acetate  was  shaken  with  the  latter  liquid  a  perfectly 
transparent  emulsion  was  obtained.  Cellulose  nitrate  (11%  nitrogen) 
was  dissolved  in  the  amyl  acetate  as  emulsifying  agent. 

The  refractive  indices  of  these  liquids  as  measured  by  an  Abbe  refracto- 
meter  were  as  follows. 

•t  M  „  20 

Olive  oil  (commercial) 1.4690        Water 1.3330 

Glycerol  (U.  S.  P.) 1.4660        Glycerol-water 1.4028 

Carbon  tetrachloride 1 .4600        Amyl  acetate  containing  6% 

of  cellulose  nitrate 1 .4045 

With  the  cellulose  ester  dissolved  in  amyl  acetate  the  glycerol-water 
becomes  the'  dispersed  phase  but  with  sodium  oleate  as  the  emulsifying 
agent  dissolved  in  the  water  the  phases  are  reversed — ^without  loss  of 
transparency. 

>  The  authors  are  inHebted  to  Mr.  E.  Wymie  Boyden  for  valuable  laboratory  as- 
sistance in  this  research. 

*  Bodroux,  Comi4.  rend,,  156,  772  (1913). 
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Nujol  (pure  liquid  paraffine)  containing  2%  of  crepe  rubber  when  shaken 
with  an  equal  volume  of  glycerol  yields  a  very  good  transparent  emulsion. 
Here  the  rubber  is  the  emidsifying  agent  and  the  glycerol  the  dispersed 
phase. 

Pulverized  cryolite  is  scarcely  visible  in  water  because  its  index  of 
refraction  is  nearly  the  same  as  that  of  water. 

Emulsions  with  Structural  Colors. — In  attempting  to  disperse  glycerol 
in  an  acetone  solution  of  cellulose  nitrate  we  failed  to  get  transparency. 
Since  the  index  of  refraction  of  the  acetone  (1.35886)  was  lower  than  that 
of  the  glycerol  (1.4660)  we  added  benzene  (1.50144)  cautiously  to  the  milky 
emulsion  in  order  to  equalize  the  indices  of  the  two  liquid  phases.  Of 
cotu^e  the  benzene  diluted  the  acetone  thus  becoming  a  part  of  the  con- 
tinuous phase.  With  cautious  additions,  and  shaking,  increased  trans- 
parency was  secured  but  accompanied  by  a  startling  development  of  colors. 
At  first  the  emulsion  became  yellow  as  viewed  from  the  side  and  a  soft 
blue  when  held  between  the  eye  and  the  source  of  light.  With  further 
addition  of  benzene  the  yellow  changed  to  beautiful  pink  while  the  blue 
became  green.  More  benzene  changed  the  pink  to  lavender  and  later  to  a 
peacock-blue.    Finally,  the  emulsion  lost  color  and  became  milky. 

The  colors  were  restored,  in  reverse  order,  by  cautious  additions  of 
acetone. 

The  explanation  of  this  phenomenon  as  given  by  Christiansen'  and 
Bodroux*  was  verified  by  an  examination  of  the  Landolt-B5mstein  tables 
of  optical  dispersive  power  of  liquids.  Benzene  has  more  than  twice  the 
dispersive  power  of  acetone.  Optical  dispersion  is  measured  as  the  differ- 
ence in  the  indices  of  refraction  for  light  of  two  different  wave  lengths.  In 
other  words,  a  prism  filled  with  benzene  spreads  light  into  a  broader  spec- 
trum than  does  a  prism  filled  with  acetone.  Consequently,  drops  of  one 
liquid  in  another  of  very  different  optical  dispersive  power  must  give  the 
effect  of  a  great  number  of  lenses  or  prisms  with  inevitable  prismatic  color 
effects. 

Transparency  is  essential  in  chromatic  emulsions  for  light  of  some 
color  must  pass  directly  through  the  emulsion.  Yet  transparency  alone 
is  not  sufficient  as  shown  by  such  emulsions  as  glycerol  in  carbon  tetra- 
chloride. Thus  the  selection  of  liquids  for  chromatic  or  structural  color 
emidsions  involves  two  factors:  equality  of  indices  of  refraction  and  the 

*  Christiansen  (Wted.  Ann.,  23, 289  (1884))  shook  fragments  of  glass  with  a  mixture 
of  benzol  and  carbon  disulfide.  However,  the  work  with  emulsions  afifbrds  a  greater 
variety  and  far  greater  beauty  than  the  work  with  irregular  fragments  of  solids. 

*  Bodroux,  Ref .  2,  shook  a  saturated  aqueous  solution  of  sodium  chloride  with 
ethyl  acetate  and  at  a  definite  temperature  fotmd  this  transient  emulsion  transparent 
for  light  of  a  definite  color.  We  secure  our  color  change  by  carefully  changing  the 
proportions  of  the  two  miscible  liquids  in  the  continuous  phase.  Furthermore,  our 
use  of  an  emtdsifjring  agent  gives  a  definite  stability  to  the  emulsions. 
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greatest  possible  difference  in  optical  dispersive  power.  From  such  values 
as  those  in  the  following  table  we  were  able  to  substitute  other  liquids 
for  those  first  used — apparently  a  sufficient  verification  of  the  theory 
outlined. 

I      Disposed  phase  Index  of  refraction  Optical  dispersive  power 

(«F-»c) 

Glycerol 1,466    —20  0.007    —20 

n      Continuous  phase 

(a)  Acetone 1.36886—19.4  0.00684—19.4 

Amylacctate 1.40170—17.9  0.007    —17.9 

(b)  Carbon  disulfide 1.61347—20  0.03210—20 

Benzene 1 .60144—20  0 .01664—20 

Toluene 1.4992  —18.7  0.0160  —14.7 

Bromobenrene 1.65977—20  0.01923—20 

Ethyl  bromide 1.63806—20  0.01422—20 

Benzyl  acetate 1.60682—17.3  0.01660—17.3 

Water  may  be  substituted  for  glycerol,  but  the  high  viscosity  of  the 
latter  adds  to  the  stability  of  the  emulsions  and  also  to  their  beauty. 
It  is  interesting  to  invert  a  tube  half  filled  with  a  chromatic  emulsion  and 
note  that  the  intensity  of  color  in  the  viscous  film  is  practically  as  great 
as  in  the  main  body  of  liquid. 

It  is  necessary  to  have  two  mutually  soluble  liquids  for  the  continuous 
phase,  one  of  them  of  high  refractive  index  and  high  optical  dispersive 
power.  On  careful  addition  of  this  liquid  to  a  milky  emulsion  already 
prepared  it  is  possible  to  change  gradually  both  the  refractive  index  and 
optical  dispersive  power.  This  insiu-es  the  chromatic  range  of  colors. 
Carbon  disulfide  is  an  excellent  liquid  to  use  (except  for  its  offensive  odor) 
because  it  stands  high  in  both  the  essential  physical  properties.  There  is, 
however,  considerable  freedom  of  choice.  The  colors  change  somewhat 
with  change  in  temperature  since  there  is  an  unequal  temperature  effect 
on  the  optical  dispersive  power  of  the  two  phases.  As  Bodroux  used  only 
two  liquids  in  each  emulsion  he  was  forced  to  secure  his  color  effects  by 
temperature  change. 

Celltilose  nitrate  (11%  nitrogen)  is  an  excellent  emulsif3dng  agent  since 
it  dissolves  readily  in  acetone,  amyl  acetate  and  some  other  liquids,  thus 
forcing  the  glycerol  to  become  the  dispersed  phase,  as  desired.  Raw  crepe 
rubber  may  be  substituted  for  the  cellulose  ester.  For  example,  a  2% 
solution  of  rubber  in  toluene  may  be  shaken  with  water  which  has  been 
saturated  with  cane  sugar  to  give  it  high  optical  dispersive  power  and  high 
refractive  index.  Emulsions  with  a  beautifid  play  of  colors  are  secured. 
It  is  convenient  to  dissolve  20  g.  of  sugar  in  1  g.  of  water  somewhat 
above  20**  and  then  cool.  Slight  inversion  of  the  sugar  with  acid  prevents 
crystallization.  A  trace  of  gasoline  lowers  the  refractive  index  of  toluene 
to  a  suitable  point. 
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Potassium  iodide  gives  water  high  optical  dispersive  power  and  a  high 
index  of  refraction;  so,  Nujol  may  be  dispersed  in  such  a  satiurated  solution 
using  sodium  oleate  in  water  as  the  emulsifying  agent.  Prismatic  colors 
are  secured. 

Resordnol  also  gives  water  high  optical  dispersive  power.  A  saturated 
solution  is  readily  dispersed  in  a  Nujol  solution  of  rubber,  developing  good 
color. 

For  a  beautifid  lecttu-e  demonstration  one  may  shake  together  4  volumes 
of  glycerol  and  4  volumes  of  a  2  to  4%  solution  of  cellulose  nitrate  in  amyl 
acetate.  To  this  5  to  10  volumes  of  benzene  are  added,  then  more  glycerol 
until  rather  viscous  and  finally  more  benzene  in  small  additions,  with 
shaking,  until  colors  appear.  The  final  emulsion  may  contain  over  30% 
of  glycerol.  To  view  it  best  a  125cc.  oil  specimen  bottle  is  used  as  container 
and  held  some  distance  from  the  source  of  light.  A  single  source  is  best. 
The  colors  are  exhibited  in  a  cell  with  parallel  sides  but  not  quite  so  beauti- 
fully as  in  the  bottle.  On  standing,  these  emulsions  ''cream"  downwards 
but  vigorous  shaking  restores  much  of  their  beauty.  In  many  cases  this 
cream  becomes  an  emulsion  gel  due,  probably,  to  a  flattening  of  the  drops 
of  glycerol  as  they  exceed  74%  volume  of  the  cream  and  to  a  coagulation 
of  the  cellulose  nitrate  in  interfacial  films. 

If  a  sheet  of  white  paper  be  held  dose  to  the  emulsion  but  between  it 
and  the  source  of  light  the  colors  disappear  only  to  reappear  if  a  narrow 
slit  be  cut  in  the  paper.  The  ordinary  spectroscope  vrith  fairly  wide  slit 
does  not  produce  a  piu^  spectrum.  That  is,  all  the  colors  overlap  some- 
what.   If  they  overlap  still  more,  white  light  is  produced  in  the  center. 

If  we  used  only  monochromatic  light,  there  could  be  no  optical  dispersion. 

Summary. 

Two  immiscible  liquids  can  be  emulsified,  with  suitable  emulsif)ring 
agents  such  as  cellulose  nitrate,  to  produce  (1)  a  transparent  emulsion 
when  (a)  the  refractive  index  of  the  two  phases  is  the  same,  and  (6)  the  dis- 
persive power  (Wp— ^c)  ot  the  two  phases  is  the  same;  (2)  a  chromatic 
(structural  color)  emulsion  when  (a)  the  refractive  index  of  both  phases 
is  the  same,  and  (b)  the  dispersive  power  of  one  phase  is  much  greater  than 
that  of  the  other.  The  greater  this  difference  the  more  intense  the  resulting 
color. 

Obvrlis,  Omo. 
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{COMlKIBimON  FROM  THS  F1X8D  NlTROGBN  RBSSARCH  LABORATORY.] 

THE  RELATION  BETWEEN  STATISTICAL  MECHANICS  AND 
THERMODYNAMICS. 

By  Richard  C.  Toucan. 

Recdved  October  7.  1921. 

L    Introduction. 

There  have  been  two  main  methods  of  investigating  the  relation  be- 
tween statistical  mechanics  and  thermodynamics,  that  of  Gi^s  and  that 
of  Boltzmann. 

The  method  adopted  by  Gibbs  was  to  study  the  properties  of  an  en- 
semble of  S3rstems,  each  individual  system  of  the  ensemble  being  iden- 
tical in  structure  with  the  actual  physical-chemical  system  of  interest. 
The  systems  of  the  ensemble  were  distributed  in  phase  in  accordance 
with  the  so-called  canonical  distribution  law,  and  Gibbs  was  able  to  show 
that  such  a  distribution  is  permanent  and  that  the  statistical-mechanical 
quantities  determining  this  distribution  have  the  properties  of  the  ther- 
modynamic quantities,  free  energy,  energy,  and  temperature  and  was 
thus  able  to  show  in  a  very  general  and  beautiful  manner  that  the  laws 
of  thermodynamics  are  a  natural  consequence  of  statistical  mechanics. 

The  method  adopted  by  Boltzmann  has  been  to  consider  a  single  phys- 
ical-chemical system  and  study  the  distribution  in  phase  of  the  molecules 
of  this  system  when  it  has  reached  its  configuration  of  maximum  prob- 
ability and  hence  of  thermodynamic  equilibrium.  The  law  determining 
the  distribution  of  the  molecules  in  this  state  of  equilibrium  is  known 
as  the  Maxwell-Boltzmann  distribution  law  and  although  similar  in  form 
to  the  Gibbs  canonical  distribution  law  is  not  identical  in  content,  since 
it  deals  with  the  distribution  of  molecules  in  a  system  instead  of  with  the 
distribution  of  systems  in  an  ensemble  of  systems.  As  to  the  relation 
between  statistical  mechanics  and  thermodynamics,  Boltzmann  has  been 
able  to  show  a  fundamental  connection  between  the  probability  of  the 
configuration  of  the  system  at  equilibrium  and  the  entropy  of  the  S3rstem 
and  thus  again  to  show  that  the  laws  of  thermodynamics  are  a  natural 
consequence   of   statistical   mechanics. 

The  method  of  Boltzmann  is  perhaps  somewhat  less  general  than  that 
of  Gibbs,  but  leads  perhaps  more  directly  to  very  important  information 
concerning  the  behavior  of  the  individual  molecules  of  the  system.  It 
is  the  method  which  will  be  adopted  in  this  article. 

Since  Boltzmann,  important  investigations  of  the  relation  between 
the  statistical  mechanical  quantity,  probability,  and  the  thermodynamic 
quantity,  entropy,  have  been  made  by  Planck.  The  work  presented  here 
will  differ  from  that  of  Planck  in  two  ways.  In  the  first  place,  for  the 
purpose  of  this  article,  we  shall  take  no  position  with  reference  to  the 
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quantum  theory  although  the  results  obtained  can  easily  be  modified 
in  accordance  with  the  Planck  quantum  theory  by  assigning,  as  he  does, 
a  definite  location  and  finite  size  G  to  the  regions  into  which  we  divide 
the  generalized  space  used  in  representing  the  phase  of  the  individual 
molecules.^  A  more  important  difference  between  the  method  adopted 
in  this  article  and  that  of  Planck,  is  that  instead  of  somewhat  arbitrarily 
defining  entropy,  as  a  constant  times  the  logarithm  of  probability,  we 
shall  endeavor  to  discover  a  statistical  mechanical  quantity  which  has 
the  same  d&ivatives  with  respect  to  the  fundamental  variables,  energy 
£,  voltune  v,  and  number  of  molecules  iV,  as  does  entropy.  This  leads 
us  to  a  somewhat  different  expression  for  entropy  from  that  used  by 
Planck,  since  the  Planck  expression  although  depending  on  the  energy 
and  voltune  in  the  correct  maimer  does  not  make  the  entropy  of  a  homo- 
geneous system  maintained  at  constant  pressure  and  temperature  vary 
proportionally  to  the  number  of  molecules  present.  The  Planck  expres- 
sion can  be  made  to  agree  with  ours  by  the  addition  of  a  term  which  is 
a  fimction  of  the  munber  of  molecules  present.* 

^  In  another  place  {Phys.  Rev.,  9,  261  (1918))  the  writer  has  presented  suggestions 
as  to  a  method  of  reconciling  quantum  theory  and  statistical  mechanics  without  giving 
up  so  much  of  the  classical  statistical  mechanics  as  Planck  has  done. 

*  Many  other  investigators,  besides  Planck,  have  recently  considered  the  relation 
between  statistical  mechanics  and  thermodynamics.  Thus  Marcelin,  in  his  important 
contribution  to  the  theory  of  physical  chemical  kinetics  {Ann,  Phys.,  3,  120  (1915)), 
has  made  use  of  a  relation  between  free  energy  and  a  quantity  occurring  in  the  Max- 
well-Boltzmann  distribution  law  which  the  present  writer  believes  to  be  incorrect. 
An  article  attempting  to  justify  Marcelin's  procedure  has  recently  been  published 
by  E.  P.  Adams  (Tms  Journal,  43,  1261  (1921))  but  the  present  writer  cannot  agree 
with  Adams'  conclusions. 

A  comparison  of  equations  obtained  in  this  article  with  those  obtained  by  Adams 
will  show  the  lack  of  agreement.  Expressing  Maxwell's  distribution  law  for  a  system 
of  N  molecules  in  the  form 

we  shall  obtain,  in  this  article,  for  the  Helmholtz  free  energy  of  the  system,  the  expres- 
sion 

F^  Nrp-Nl  +  E  (Equation  36,  this  article) 

while  Adams  obtains 

F  «  Nrp.  (Equation  10,  op.  cU.) 

The  two  equations  become  identical  only  for  a  perfect  gas. 

For  the  partial  molal  free  energy  of  the  substance  involved,  we  shall  obtain  the 
expression 


\^\a 


«  NaP  4-  RT.  (Equation  39,  this  article) 

where  n  Is  the  number  of  mols  and  Na  is  Avogadro's  number,  while  Adams  obtains 
bF/bn  =   NaP.  (See   Equation  11  and  preceding  dis- 

cussion,  op.  cU.) 
The  two  equations  are  not  even  the  same  for  the  case  of  a  perfect  gas. 
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n.    Demation  of  the  Maxwell-Boltzmann  Distribution  Law. 

In  order  to  obtain  the  desired  conclusion^  it  will  be  necessary  to  review 
in  a  fundamental  way  the  derivation  of  the  Maxwell-Boltzmann  distri- 
bution law 

where  dN  is  the  ntunber  of  molecules  having  co5rduiates  and  momenta 

falling  in  the  infinitesimal  range  dqi d/»«.      In  particular  we  shall 

find  it  necessary  to  analyze  with  considerable  care  the  meaning  of  the 
quantity  c  when  it  first  enters  the  discussion.  We  shall  find  in  general 
that  €  must  be  taken  not  as  the  energy  of  a  molecule,  having  coordinates 

and  momenta  falling  in  a  particular  region  dgi dpn,  but  rather  as  the 

rate  of  increase  in  the  total  energy  of  the  S3rstem  per  molecule  added 
to  the  region  dqi dpn  when  the  system  is  in  its  configuration  of  max- 
imum probability.  These  two  quantities  are  the  same  for  dilute  gases 
but  for  concentrated  systems  may  be  quite  different.  Hence  the  new 
methods  which  we  introduce  will  be  of  considerable  importance  in  dealing 
with  the  properties  of  imperfect  .gases  or  other  concentrated  systems. 

1.  The  System. — For  the  purposes  of  this  article  we  shall  merely 
consider  systems  containing  molecules  or  elements  of  a  single  kind.  The 
methods  employed,  however,  can  easily  be  generalized  to  cover  systems 
containing  molecules,  atoms,  modes  of  vibration  and  so  forth  of  any  number 
of  different  kinds.  We  shall  assume  that  the  instantaneous  state  or  phase 
of  the  system  is  determined  by  a  specification  of  the  generalized  coordinates 
and  momenta  and  that  it  obeys  the  laws  of  d3aiamics  expressed  for  example 
in  the  HamUtonian  form. 

2.  Probability  of  a  Given  Microscopic  State.— If  QiQ%..  .O^PA. . . 
Pi,  are  generalized  codrdinates  and  momenta  which  can  be  used  for  de- 
scribing the  state  of  the  system,  we  may  think  of  the  motion  of  the  system 
as  determined  by  the  motion  of  a  point  in  a  2m  dimensional  space  corre- 
sponding to  the  2m  coordinates  and  momenta.  We  shall  say  that  the 
microscopic  state  of  the  system  at  any  instant  is  specified  by  a  statement 

of  the  particular  infinitesmal  region  of  generalized  space  dQi  dQs 

dO,.,  dPidPj dP,„  in  which  the  representative  point  for  the  system 

in  question  is  to  be  found.  We  shall  consider  all  the  different  possible 
microscopic  states  for  a  given  system  as  equally  probable.  • 

The  justification  for  this  assumption  of  equal  probability  for  the  differ- 
ent possible  microscopic  states  has  usually  been  based,  in  considerations 
of  this  kind,  on  the  possibility  of  showing  with  the  help  of  the  Hamiltonian 
laws  of  motion,  that  an  ensemble  of  similar  systems  with  representative 
points  uniformly  distributed  throughout  the  generalized  space  will  per- 
manently retain  this  uniform  distribution.  For  otu-  present  purposes 
we  shall  accept  this  justification  as  sufficient  and  not  attempt  at  this 
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time  a  more  fmidameatal  analysis  of  this  feature  of  the  classical  statis- 
tical mechanics^ 

3.  Probability  of  a  Given  Statistical  State.— Let  iV  be  the  number 
of  elements  (molecules)  which  go  to  make  up  the  complete  physical- 
chemical  system  in  which  we  are  interested.  And  let  our  imaginary  divi- 
sion of  the  system  into  elements  and  our  choice  of  co5rdinatesbe  so  made 
that  the  original  2m  generalized  codrdinates  and  momenta  belonging  to 
the  whole  system  can  be  assigned  to  the  individual  elements  of  the  sjrstem. 

Let  qiQt Qnpipi Pn  be  the  co5rdinates  and  momenta  belonging 

to  a  single  element.  We  shall  be  specially  interested  then  in  the  number 
of  elements  which  have  values  of  coordinates  and  momenta  falling  in 
any  particular  infinitesimal  region 

dcr  «  dgidgt. .  .dqndpidpi dpn  (1) 

We  shall  say  that  the  statistical  state  of  our  S3rstem  is  specified  by  a  state- 
ment of  the  niunber  of  elements  of  the  various  kinds  which  have  values 
of  their  codrdinates  and  momenta  which  fall  in  the  different  possible  infin- 
itesimal regions  dcr. 

It  will  be  seen  that  the  microscopic  state  of  the  system  determines  the 
coordinates  and  momenta  for  each  individual  element  of  the  system, 
while  the  statistical  state  merely  determines  the  number  of  elements  of 
each  of  the  different  kinds  which  have  codrdinates  and  momenta  falling 
in  a  particular  range,  without  attempting  to  make  any  distinction  as 
to  which  particular  elements  are  taken  to  supply  the  quota. 

We  thus  see  that  corresponding  to  a  given  statistical  state  there  will 
be  a  large  number  of  microscopic  states  which  can  be  obtained  by  the 
inter-transposition  of  elements  from  one  infinitesimal  region  to  another 
without  disturbing  the  total  number  in  each  region.  Since  we  have 
already  taken  the  microscopic  states  as  equally  probable,  we  shall  take  the 
probability  of  any  given  statistical  state  as  proportional  to  the  number  of 
microscopic  states  to  which  it  corresponds. 

Let  us  specify  a  given  statistical  state  by  taking  NiNJ^i as  the 

number  of  elements  having  coordinates  and  momenta  falling  in  the  partic- 
ular infinitesimal  regions  dcrj,  dcrj,  dcra,  etc. 

Then  it  is  evident  from  the  principles  of  permutation  that  the  number 
of  microscopic  states  corresponding  to  the  given  statistical  state  will  be 

^  ^  |jv.i|jv.|jv. ® 

We  shall  call  W  the  probability  of  the  statistical  state  in  question  without 
introducing  any  proportionality  factor. 

Let  us  assume  that  each  of  the  niunbers  N,  Nu  N2,  iVj,  etc.,  occurring 
in  Equation  2  is  large  enough  so  that  we  may  apply  the  Stirling  formula 
for  factorial  N 
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IJV^  -  ^2^  (^J  (3) 

Substituting  in  Equation  2,  taking  the  logarithm  of  W  and  omitting 
negligible  terms  we  obtain 

log  W  '^  Nlog  N-Ni  log  Ni-Nt  log  Nt....  (4) 

which  can  be  rewritten  in  the  form 

logW  --  N  log  N-  2  Ni  log  Ni  (6) 

where  the  summation  Z  is  to  be  taken  over  all  the  infinitesimal  regions 
*  =  1,2,3 

4.  Statistical  State  of  Maximum  Probability.— We  shall  be  par- 
ticularly interested  in  the  statistical  state  of  maximum  probability  which 
our  system  can  assume  with  a  given  number  of  molecules,  a  given  energy 
content  and  a  given  volume.  Our  interest  in  this  state  of  maximum  prob- 
ability is  due  to  the  fact  that  we  shall  consider  the  system  to  be  substan- 
tially in  its  state  of  maximum  probability  when  thermodynamic  equi- 
libritun  is  attained. 

Considering  Equation  5,  it  is  evident  that  the  condition  of  maximum 
probability  will  be 

« log  I^  =  «  {  i\^log  N-'LNi  log  Ni}  ^0  (6) 

This  variation  is  not  to  be  carried  out  entirely  arbitrarily,  however, 
since  as  stated  above  we  shall  not  allow  the  number  of  molecules,  the 
energy  content  nor  the  volume  of  the  system  to  change. 

Since  the  ntunber  of  molecules  is  not  to  change  we  shall  have 

«iV  =  2  «JV<  =  0  (7) 

As  to  the  energy  of  the  system  E,  it  is  evident  that  this  is  a  fimction 

of  the  number  of  molecules  Ni,  Nt,  N9 in  each  of  the  infinitesimal 

regions,  and  since  this  is  to  be  constant  we  may  write 

d£ 
«-E   =  2  -—     6Ni   ^  0  (8) 

oNi 

As  to  the  constancy  of  volume  this  is  a  matter  of  great  impgrtance  since 

three  of   the  coordinates  qi g„  must  necessarily  correspond  to  the 

location  of  the  infinitesimal  region  do-  in  ordinary  three-dimensional  space, 
and  hence  if  the  voliune  of  the  container  were  varied  this  would  lead  to 
a  variation  in  the  total  volume  of  the  generalized  2n-dimensional  space 
<r  and  hence  in  the  number  of  infinitesimal  regions  do-i,  dcrs,  dcrs,  etc.  Under 
the  present  circumstances  we  shall  not  be  bothered  with  this  possibility. 

The  simultaneous  Equations  6,  7  and  8  may  now  be  combined  by  the 
method  of  undetermined  multipliers,  giving  us, 

2  {  (log  Ni  4- 1)  6Ni  4-  \SNi+^^  SNi}  '-O 

oNi 


or 


z{logNi  +l  +  \  +  ^L^JSNi  =  0  (9) 
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where  the  quantities  X  and  ft  are  undetermined  multipliers.  Since  the 
introduction  of  these  multipliers  makes  the  variations  U^i  entirely  arbi- 
trary, it  is  evident  that  Equation  9  can  .only  be  true  if  the  individual 
equations 

log  iVi  +  1  +  X  +  M  ^  -  0  (10) 

are  also  true. 

These  equations  can  be  put  in  a  more  convenient  and  familiar  form  if 
we  introduce  some  different  symbols.    Let  us  put 

bE/dNi  -  e<  (11) 

M  -  1/^  (12) 

1+X--*/^  (13) 

where  the  new  symbols  are  defined  by  the  equations  given. 
Substituting  in  (10)  and  solving  for  Ni  we  obtain 

Ni^e  •  .   (14) 

This  is  an  expression  for  the  number  of  molecules  whose  codrdinates 
and  momenta  fall  in  the  i'th  infinitesimal  region  dcr^  when  the  distribution 
is  that  of  maximum  probability,  and  hence  is  an  expression  of  the  Maxwell- 
Boltzmann  distribution  law. 

5.  Introduction  of  a  Continuous  Variable. — For  purposes  of  mathe- 
matical convenience,  in  order  to  be  able  to  use  the  language  of  integral 
calculus  instead  of  that  of  summations,  it  is  sometimes  desirable  to  change 
Equation  14  by  the  introduction  of  continuous  variables.  K  we  do  this, 
we  may  rewrite  Maxwell's  distribution  law  in  the  form' 

*  The  83rmbols  used  in  this  fonnula  were  purposely  chosen  to  agree  with  those 
used  by  Adams  (This  JoukNAL,  43,  1251  (1921)).  The  choice,  however,  may  be  some- 
what misleading  since  the  ssrmbolism  does  not  agree  with  the  earlier  use  of  Gibbs. 

In  Gibbs'  use,  the  quantity  e  '  dQi...  dPfn  is  the/radMm  of  the  total  number  of 
systems  in  a  canonical  ensemble  of  systems  having  coordinates  and  momenta  falling  in  a 
particular  infiriitfirimal  range,  and  it  can  be  shown  that  ^  may  be  taken  as  the  Helpiholtz 
free  energy  of  a  single  system  chosen  from  the  ensemble,  the  average  value  i  may  be 
taken  as  sensibly  equal  to  the  energy  of  a  single  system  and  $  may  be  put  proportional 
to  the  absolute  temperature. 

*=• 

In  the  use  adopted  in  this  article,  «  '  d<r  is  the  number  of  molecules  having  coordi- 
nates and  momenta  falling  in  a  particular  infinitesimal  range,  ^  is  rehited  to  the  Helm- 
holtz  free  energy  by  Equation  39, 


the  average  value  «  is  related  to  thermodynamic  quantities  by  Equation  40, 

uNAk''  E-F  +  n  (^\      --nRT 
and  0  is  again  proportional  to  the  absolute  temperature. 
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of  molecules  of  the  gas.  As  the  proof  is  simple  and  well  known^  but 
somewhat  long,  it  does  not  seem  desirable  to  repeat  it  here,  since  we  are 
more  particularly  interested  in  the  thermod3aianiic  significance  of  ^  and 
€  concerning  which  there  has  been  some  doubt. 

3.  The  Expression  for  Entropy. —  In  order  to  show  the  thermo- 
dynamic significance  of  ^  and  €  we  shall  obtain  an  expression  for  the  en- 
tropy of  the  system  which  is  dependent  on  these  quantities. 

Except  for  an  additive  constant,  in  which  we  are  not  now  interested, 
the  entropy  of  a  homogeneous  system  can  be  completely  defined  by  the 
thermodynamic  equations 


\bN)p,T        N 


(20) 
(21) 
(22) 


The  first  two  of  these  equations  are  direct  consequences  of  the  funda- 
mental equation 

6E  +  P6. 
T 
and  the  third  equation  results  from  the  fact  that  the  entropy  of  a  system 
is  always  taken  as  the  sum  of  the  entropies  of  its  parts,  and  hence  for  a 
homogeneous  system,  which  has  the  same  presstu-e  and  temperature  through- 
out, the  entropy  of  any  part  will  be  proportional  to  the  number  of  mole- 
cules in  the  part  taken. 

The  problem,  now  before  us,  is  to  find  a  statistical  mechanical  quantity 
which  has  the  differential  coeflficients  given  by  Equations  20,  21  and  22. 
We  shall  find  that  a  solution  of  this  problem  is  given  by  the  equation 


(^0... 


Substituting  Equation  19,  denoting  the  average  value  of  €  by  the  symbol 
€,  and  noting  in  accordance  with  our  previous  discussion  that  since  ^ 
is  independent  of  a,  it  and  its  average  value  are  the  same,  we  may  re- 
write the  above  in  the  form 

S  =  -^Y^  (24) 

Let  us  now  show  that  the  quantity  given  by  Equation  (24)  actually 
does  obey  Equations  20,  21  and  22.  To  do  this  we  must  first  obtain  a 
mathematical  identity  which  we  shall  need  in  the  discussion. 

*  See  for  example,  Tohnan,  Phil.  Mag.,  28,  583  (1914)  or  "The  if'heory  of  the  Rela- 
tivity of  Motkm/'  Chapter  VIII,  "The  Chaotic  Motion  of  a  System  of  Particles," 
University  of  California  Press,   1917. 
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In  accordance  with  Maxwell's  distribution  law  we  may  write 


«-/• 


d<r 


Diflferentiating  with  respect  to  the  parameter  E,  keeping  the  other  two 
parameters  v,  and  N  constant,*  we  obtain 

°-a-i)..-/^p>-/''^^(^>'  - 

We  may  now  determine  the  derivative  of  -; — ^  with  respect  to 

energy.  Noting  Equation  17  for  the  average  value  of  a  quantity, 
we  may  write. 

Remembering  that  ^  and  T  are  independent  of  a,  this  may  be  rewritten 
in  the  form 

V^       ^     An 

In  accordance  with  Equation  25,  it  is  evident,  however,  that  the  last  two 
terms  in  this  equation  are  zero.    As  to  the  first  term  on  the  right  hand 

side  of  the  above  equation,  it  is  evident  that  the  quantity  —  (e        I  is 

bE\        / 

the  rate  of  change  in  the  number  of  molecules  in  region  d<r  with  change 
in  E,  while  €  is  the  rate  in  change  of  the  energy  per  molectde  added  to 
the  region  da.  Hence  the  value  of  the  definite  integral  is  evidently 
bE/dE^  1.    Our  expression  thus  reduces  to 


(4^1,-^ 


thus  agreeing  with  the  first  of  the  three  necessary  equations  (20),  (21) 
and  (22). 

Let  us  now  proceed  to  show  that  the  rate  of  change  of  -^-^ — -  with 

respect  to  volume  has  the  required  value. 

*  It  should  be  noted  that  the  constancy  of  v  makes  it  possible  to  differentiate 
solely  back  of  the  integral  sign,  since  under  these  circumstances  the  limits  of  integration 
are  constant. 
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In  our  previous  discussions  we  have  made  use  of  the  principle  that  an 
iscdated  S3rstem,  with  a  definite  energy  content  £  in  a  container  of  definite 
volume  V,  will  assume  the  statistical  state  of  maximum  probability.  For 
our  present  purposes,  we  shall  make  use  of  the  equally  valid  principle, 
that  the  system  will  asstune  the  statistical  state  of  maximum  probability 
wben  it  is  enclosed  in  a  cylinder  with  walls  which  do  not  permit  the  trans- 
fer of  energy  and  provided  with  a  movable  piston,  thus  allowing  a  simul- 
taneous variation  in  the  parameters  E  and  v,  in  accordance  with  the 
equation 

«£«-/»«».  (27) 

Now  we  have  already  found,  in  accordance  with  Equation  18,  that 
wben  the  parameters  E  and  v  are  not  allowed  to  vary,  the  probability 
W  of  the  state  finally  attained  is  given  by  the  expression 

log  IF  -  f^fl^M  +Nlog  N-Nlog  da.  (28) 


-(^) 


The  variation  in  this  quantity  with  the  parameters  E  and  t;  will  evidently 

be 

In  the  special  case  that  we  are  considering,  W  has  the  maximum  possible 
vattte  not  only  for  changes  in  internal  arrangement  with  constant  values 
of  E  and  v  but  also  for  variations  in  E  and  v  which  do  not  conflict  with 
the  restriction  imposed  by  Equation  27.  Hence  by  introducing  Equation 
27  and  applying  the  condition  for   maximum  probability,   we  obtain 

Multiplying  by  k,  dividing  by  Sv,  and  introducing  the  expression  we  have 
already  found  for  the  rate  of  change  of with  E,  we  obtain  and 


(I'^h  -'r 


have  thus  shown  the  desired  agreement  with  the  second  of  our  three 
accessary  equations  (20),  (21)  and  (22). 

In  order  to  show  the  agreement  of  the  quantity  that  we  have  chosen 
{or  cntrt^y  with  the  third  of  the  three  equations,  we  shall  first  need  to 
obtain  an  auxiliary  equation  by  differentiating  the  expression  for  Max- 
vdl's  distribution  law 


N  -n   Ce  kT 


d<r 


vith  req)ect  to  the  number  of  molecules  N^  holding  the  pressure  p  and 
tco^erature  T  constant.    In  carrying  out  such  a  differentiation,  it  is  to 
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be  noted  that  we  cannot  consider  the  limits  of  the  definite  integral  as 
constant,  since  the  volume  v  of  a  homogeneous  system  at  a  given  pressure 
and  temperature  is  evidently  proportional  to  the  number  of  molecules 
N,  and  the  volume  over  which  the  generalized  space  d<r  is  to  be  integrated 
is  proportional  to  v.    Keeping  this  consideration  in  mind,  we  may  write 

(Sl.-/r»('-)-p).>" 

Noting  further  that  the  last  term  in  this  equation  is  evidently  itself  equal 
to  dN/dN,  and  that  dl/dN  is  obviously  zero  since  we  have  in  no  way 
changed    the  condition  inside  of  any  given  region  d<r,  we  obtain 

J  kTbN 

or  remembering  that  ^  and  its  average  value  for  the  system  are  the  same, 
we  may  write 


W..r       ' 


(30) 


We  may  now  differentiate  our  expression  for  entropy  with  respect  to  N. 
We  obtain 

\bN       T      J^j,  T    "^  TbN      TbN 

We  have  just  shown,  however,  that  the  last  term  in  this  equation  is 
equal  to  zero,  and  it  is  evident,  moreover,  that  be/bN  is  zero,  since  with 
constant  pressure  and  temperature  the  value  of  e  for  every  region  do- 
remains  unchanged.  Hence  we  may  rewrite  the  above  equation  in  the 
form 


{^'^h-'nC^) 


We  have  thus  shown  the  agreement  of  the  expression  which  we  have 
chosen  for  entropy  with  the  third  and  last  of  the  three  necessary  equations 
(20),  (21)  and  (22),  and  may  now  write 


or  if  desired 


+  N  X  const.  (32) 


T 

4.  Other  Equations  Connecting  Statistical  Mechanics  and  Thermody- 
namics.— Equation  32  shows  perhaps  as  well  as  any,  the  thermodynamic 
significance  of  the  statistical  mechanical  quantities  e  and  ^.  A  number 
of  other  equations  interrelating  the  two  methods  of  attack,  however, 
will  also  be  of  interest. 

Differentiating  the  expression  for  Maxwell's  distribution  law  at  constant 
volume  and  temperature  we  obtain 
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/tzjb4^        d  r  tzi  r  5  /  "tux 

An  inspection  of  the  last  term  of  this  equation  shows  that  it  is  equal  to 
dE/dN.     Introducing  Equation  17  for  the  average  value  of  a  quantity,' 
remembering  the  relation  between  ^  and  its  average  value,  and  solving 
for  bE/bN,  we  obtain, 

This  is  an  equation  of  some  interest,  owing  to  the  thermodynamic  im- 
portance of  the  quantity  bE/bN. 

Another  thermodynamic  quantity  of  importance  is  the  Helmholtz  free 
energy  which  may  be  defined  by  the  equation 

F    =    E-TS,  (34) 

Introducing  the  expression  for  entropy  given  by  Equation  32,  we  have, 

F  =  N^-ir  +  E.  (35) 

an  equation  which  reduces  to 

F   ^    N^  (36) 

for  the  special  case  of  a  perfect  gas. 

The  derivative  of  F  with  respect  to  N,  at  constant  volume  and  temper- 
ature is  also  of  interest.    We  have 

(1^)..— K^)..--"(i).,.-(^).,. 

which,  on  substitution  of  Equation  33,  becomes 


(-) 


i'  +  kT  (37) 

T 


or  putting 

N  -  nN^  (38) 

where  n  is  the  number  of  mols  in  the  system  and  Nji  is  Avogadro's  number, 
Equation  37  becomes 


A*  +  *^  (39) 

or 


This  equation  shows  in  a  very  simple  way  the  thermodynamic  signif- 
icance of  ^,  since  except  for  ^  it  contains  none  but  thermodynamic  quan- 
tities. 
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A  similar  equation  containing  €  and  none  but  thermodynamic  quan- 
tities is,  of  course,  impossible  since  it  is  the  average  value  of  c  rather  than 
its  value  for  any  particular  region  da  that  has  thermodynamic  significance. 
An  equation  containing  the  average  value  i  and  none  but  thermodynamic 
quantities  can  be  obtained  by  substituting  (38)  and  (39)  in  our  expres- 
sion for  entropy  Equation  32,  we  obtain 

which  can  be  shown  to  reduce  to 

nNAT  =  E  (41) 

for  the  special  case  of  a  perfect  gas. 

IV.    Comparison  with  Results  of  Planck. 
In  conclusion  it  will  be  of  interest  to  compare  the  expression  which  we 
have  obtained  for  the  entropy  of  a  system  with  that  of  Planck.* 
Planck  defines  entropy  by  the  equation 

S  ^  klog  W  (42) 

where  W  is  the  probability  of  the  configuration.    We,  on  the  other  hand, 
have  taken  the  quantity 

5  -    ^  (43) 

as  entropy,  since  it  has  the  same  derivatives  with  respect  to  energy,  vol- 
ume, and  ntmiber  of  molecules  as  does  entropy. 

In  order  to  compare  our  equation  with  that  of  Planck,  we  may  intro- 
duce into  (43)  the  expression  which  we  obtained  for  probability,  as  given 
by  Equation  18.    We  obtain 

5  -  *  log  W-kN  log  N+kN  log  dc.  (44) 

It  is  apparent  that  our  expression  for  entropy  and  that  of  Planck  differ 
from  each  other  in  an  important  manner,  and  that  this  difference  is  not 
merely  due  to  the  fact  that  in  accordance  with  the  classical  statistical 
mechanics  we  have  divided  our  generalized  space  a  into  infinitesimal 
regions  of  equal  size  da,  while  Planck  in  accordance  with  his  form  of 
quanttun  theory  divides  the  space  a  into  regions  of  finite  size  G. 

Both  oiu:  expression  for  entropy  and  Planck's  have  the  same  derivatives 
with  respect  to  energy  and  voliune,  but  different  derivatives  with  respect 
to  the  number  of  molecules  N.  This  is  a  fundamental  difference  be- 
tween the  expressions  and  the  reason  why  Planck's  expression  for  entropy 
is  not  satisfactory  when  considerations  are  to  be  undertaken  which  in- 
volve a  change  in  the  number  of  elements. 

•  The  difficulties  involved  in  defining  entropy  by  the  equation  S  *=  k  log  W  and 
at  the  same  time  making  the  entropy  of  a  system  equal  to  the  sum  of  the  entropies 
of  its  parts  have  also  been  pointed  out  by  Mrs.  T.  Bhrenfest-Afanassjewa,  Verslag. 
Akad.   Weiensrhappen  AmxUirdnm.  21,  W   (1010). 
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In  order  to  make  this  point  entirely  clear,  let  us  take  Planck's  expres- 
sion for  entropy  using  finite  regions  and  summations  as  he  does. 
The  Planck  expression  for  entropy  may  be  written 

S '^  k  log  W  ^  kN  log  N-kXNi  log  Ni  (46) 

i  «  1,2,3 m 

where  the  summation  is  to  be  carried  out  over  all  the  regions  i=1.2.3 

m  that  contain  molecules. 

Consider  the  change  in  this  quantity  corresponding  to  a  change  dN  in 

the  number  of  molecules,  pressure  and  temperature  being  maintained 

constant.     For  a  homogeneous  system  it  is  evident  that  the  ntunber  of 

molecules  falling  in  any  particular  region  will  not  be  changed  provided 

temperature  and  pressing  are    maintained  constant.    Hence  we  may 

write 

(iS)  p,T  -  *  (log  N+1)  SN-kZNi  log  Ni  (46) 

t  -  (m  +  1)  (m  +  2). . . .(m  +  im) 

where  the  summation  is  carried  out  over  the  new  regions  (m+1)  (tn+2) . . . 
{m+Sm)  which  have  been  created  by  the  increase  in  volmne  which  ac- 
companies the  increase  in  ntunber  of  molecules. 

Owing  to  the  similarity  of  the  distribution  in  the  new  regions  to  that 
in  the  old,  it  is  evident  that  we  may  rewrite  the  last  term  in  the  form 


k  XNi  log  Ni  -  j     kllNi  log  Ni     I  SN  (47) 

<-  (w  +  l)  (m  + 2).... (m  +  »m) 


/    kZNilogNi    \iN 


Substituting  (6)  and  dividing  by  dN  we  obtain 


\9Njp' 


klogN"  ^ZNilog  Ni  +  k.  (48) 

N 


We  note  that  (  —  1     is  not  equal  to  S/N  as  is  required  for  a  successful 

definition  of  entropy. 

For  a  successful  definition  along  the  Planck  lines  we  might  suggest 
S  -  *  log  W-kN  log  N.  (49) 

This  expression  would  make  the  entropy  of  a  system  at  constant  pressure 
and  temperature  proportional  as  it  should  be  to  the  total  number  of  mole- 
cules presents  It  would  also  make  the  absolute  numerical  value  of  5 
depend  on  the  finite  size  G,  which  Planck  chooses  for  his  regions  of  equal 
probability,  in  the  way  that  Planck  desires.  It  should  further  be  pointed 
out  that  there  is  no  disagreement  between  Equation  49  and  our  own 
Expression  44  since  we  have  already  called  attention  to  the  fact  (see 
Equation  32)  that  it  is  allowable  to  add  to  otu*  expression  for  entropy 
any  desired  constant  multiplied  by  N. 

Summary. 
1.  The  relation  between  statistical  mechanics  and  thermodynamics 
has  been  investigated  in  this  article  by  a  method  which  is  based  like  that 
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of  Boltzmann  and  Planck  on  a  consideration  of  the  arrangement  of  the 
elements  or  molecules  of  a  system.  Instead,  however,  of  following  the 
procedure  of  Boltzmann  and  Planck  by  somewhat  arbitrarily  defining 
entropy  by  the  equation 

5  =  *  log  W 
the  attempt  has  been  made  in  this  article  to  discover  a  statistical  mechan- 
ical quantity  which  has  the  same  derivatives  with  respect  to  energy,  volume 
and  nmnber  of  molecules  as  does  the  thermodynamic  quantity  entropy. 
In  this  way  we  have  been  led  to  an  expression  for  entropy  which  differs 
from  that  of  Planck  by  an  additive  term,  and  have  shown  that  the  addi- 
tion of  such  a  term  iS;  as  a  matter  of  fact,  necessary  in  order  that  the 
derivative  of  the  entropy  of  the  system  with  respect  to  number  of  mole- 
cules shall  have  its  correct  value. 

2.  In  connection  with  the  derivation,  it  has  been  shown  that  the  quan- 
tity E  occurring  in  the  Maxwell-Boltzmann  distribution  law 

—  * 
AN  =  C e  dqi. .  .df„ 
must  be  taken,  not  as  the  energy  of  a  molecule  having  coordinates  and 
momenta  falling  in  the  region  dgi . .  Ap^t  but  rather  as  the  rate  of  increase 
in  the  total  energy  of  the*  system  per  molectde  added  to  the  region  dgi . . . 
dp„,  when  the  system  is  in  its  configuration  of  maximiun  probability. 
These  two  quantities  are  the  same  for  dilute  gases,  but  for  concentrated 
systems  may  be  quite  different.  Hence  the  new  methods  which  are 
introduced  may  be  of  considerable  importance  in  deaUng  with  the  proper- 
ties of  imperfect  gases  or  rather  concentrated  systems. 

3.  It  was  pointed  out  that  the  equations  obtained  in  this  article  con- 
necting the  statistical  mechanical  quantities  occurring  in  the  Maxwell- 
Boltzmann  distribution  law  with  thermodynamic  quantities,  do  not  agree 
with  the  equations  of  Marcelin  and  Adams.' 

Washington,  D.  C. 
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The  determination  of  the  specific  heats  and  heats  of  fusion  of  several 
tetrachlorides  of  the  fourth  periodic  group  was  undertaken  in  connection 
with  the  study  of  the  effect  of  mass  upon  the  distribution  of  thermal  energy. 
When  the  conditions  in  a  solid  are  such  that  the  thermal  energy  is  dis- 
tributed according  to  the  principle  of  the  equipartition  of  energy,  the 
specific  heat  per  gram  atom  is  independent  of  the  mass;  however,  when  the 
"equipartition  conditions'*  are  not  fulfilled,  whatever  the  exact  nature  of 
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the  cause  may  be,  the  deviation  of  the  specific  heat  from  the  value  of  3  R 
is  laf^ger  the  smaller  the  mass  of  the  atoms  and  the  greater  the  constraints 
or  forces  under  which  the  atoms  are  vibrating.^  In  any  one  case,  it  has 
been  impossible  to  state  just  how  much  the  specific  heat  is  affected  by  each 
of  these  two  factors,  especially  since  the  actual  forces  between  the  atoms 
are  not  known  quantitatively,  but  are  estimated  in  terms  of  compressibility, 
atomic  volume  melting  points,  hardness,  etc. 

The  tetrachlorides,  however,  seem  to  offer  an  unusual  opportunity  for 
studying  the  effect  due  to  the  mass,  since  there  is  considerable  evidence 
that  in  these  compounds  the  constraints  are  quite  similar.  In  the  first 
place,  at  room  temperatture  they  are  similar  non-polar  liquids,  and  it  seems 
quite  likely  that  this  non-polar  nature  is  preserved  in  the  solid  state. 
Then  if  each  positive  atom  is  surrounded  by  4  chlorine  atoms,  the  solid 
would  be  held  together  by  forces  acting  largely  between  the  chlorine 
atoms  of  adjacent  molecules,  and  the  constraints  in  the  solid  would  be 
not  only  small  but  practically  the  same  for  all  these  compounds.  This 
type  of  solid  in  which  the  molecule  preserves  its  identity  is  quite  different 
from  the  polar  solids  such  as  the  alkali  halides.  Here  the  molecule  has 
lost  its  identity,  that  is,  it  is  impossible  to  say  that  a  given  positive  atom 
belongs  to  any  one  negative  atom,  and  the  solid  is  held  together  by  forces 
which  are  larger  the  greater  the  difference  in  the  positive  and  negative 
nature  of  the  elements. 

These  conclusions,  which  might  be  drawn  from  the  molecular  structure, 
as  to  the  similarity  of  the  constraints  in  the  tetrachlorides,  are  confirmed 
by  consideration  of  the  melting-point  data.  Table  I. 


Tablb  I 

Mbltino-point  Data 

M.^; 

MP. 

M,p. 

ecu 

-24 

NaH         high,  decomposes 

CH4 

-186 

SiCU 

-70 

NaP                     980 

CF4 

-  80 

TiCU 

-30 

NaCl                    804 

ecu 

-  24 

SnCU 

-33 

NaBr                    767 

CBr4 

92 

PbCU 

-15 

Nal                      653 

CI4 

decomposes 

The  agreement  in  the  melting  points  of  the  tetrachlorides,  which  is  quite 
close,  is  made  more  striking  by  comparison  with  the  melting  points  of  the 
sodium  halides,  which  not  only  are  much  higher  but  vary  in  the  order  of 
the  increasing  polarity  of  the  compounds.  On  the  other  hand,  the  melting 
points  of  the  tetra-halogen  carbon  compounds  vary  in  the  same  order  as 
the  melting  points  of  the  halogens  themselves,  again  indicating  that  these 
solids  are  held  together  by  forces  acting  between  halogen  atoms  of  adjacent 
molecules.  Indeed  many  additional  cases,  such  as  the  almost  exact  agree- 
'Einstein.  Ann.  Pkysik,  W  34,  170  (1911).  Lewis  and  Adams,  Phys,  Reo.,  4, 
331  (1914). 
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ment  of  the  melting  points  of  methane  and  silicane,  might  be  cited  as 
indicating  that  in  general  the  constraints  in  the  non-polar  tetra-compounds 
depend  largely  upon  the  nature  of  the  four  negative  atoms,  and  are  more 
or  less  independent  of  the  positive  atom. 

Experimental. 

The  specific  heats  of  carbon,  silicon,  titanium  and  tin  tetrachlorides 
were  measured  from  the  temperature  of  liquid  air  to  298®  K,  and,  in  addi- 
tion, the  specific  heat  of  carbon  tetrachloride  was  measured  at  still  lower 
temperatiures  in  order  to  determine  the  whole  specific  heat  curve  for  these 
compounds.  The  heats  of  fusion  and,  in  the  case  of  carbon  tetrachloride, 
a  heat  of  transition,  were  also  determined,  thus  giving  the  total  thermal 
content  at  298"*  K. 

Method. — ^The  method  and  experimental  procedure  employed  in  the 
measurements  of  specific  heat  between  the  temperatures  of  liquid  air  and 
25°  C  were  essentially  the  same  as  described  in  a  previous  paper.*  In 
the  determination  of  the  heats  of  fusion  the  heating  coil  of  the  calorimeter 
was  modified  by  decreasing  the  resistance  in  order  that  the  rate  of  input 
of  energy  might  be  greatly  increased.  These  values  are  probably  accurate 
to  within  2%. 

Liquid  Hydrogen  Cryostat. — In  order  to  obtain  temperatures  below 
80°  K,  a  small  liquid  hydrogen  cryostat  has  been  constructed.  The  details 
of  construction  will  be  given  in  a  later  paper.  Advantage  was  taken  of  the 
Joule-Thomsen  effect  of  hydrogen  precooled  with  liquid  air.  The  success 
of  the  cryostat  resulted  from  the  use  of  a  very  efficient  heat  interchanger 
of  small  flattened  and  twisted  copper  tubing  designed  by  Mr.  George  F. 
Nelson,  mechanician  of  this  laboratory.  The  coils  of  the  interchanger 
surrounded  the  calorimeter  and  were  insulated  from  the  calorimeter  and 
from  the  surrounding  bath  of  liquid  air  by  enclosing  the  coils  in  a  brass 
case  in  which  a  high  vacutun  was  maintained.  Since  radiation  is  small  at 
these  temperatiures  the  only  source  of  heat  leaks  was  through  the  single 
connecting  tube  through  which  passed  the  coil  for  the  incoming  high- 
presstu^  hydrogen  and  the  outgoing  cold  expanded  hydrogen.  The 
hydrogen  was  supplied  by  a  battery  of  five  cylinders  at  an  initial  pressure 
of  140  atmospheres. 

Measurement  of  Temperature. — Between  60°  and  300  °K  the  copper- 

constantan  couple  calibrated  by  Eastman  and  Rodebush*  was  available. 

The  values  for  the  e.  m.  f.  of  this  couple  may  probably  be  extrapolated  to 

40°  K  without  making  a  large  error.     The  temperature  of  the  liquid 

hydrogen  cryostat  could  not  be  acciu*ately  determined  from  the  boiling 

point  of  hydrogen  since  the  back  pressure  of  the  expanded  hydrogen  in  the 

« Gibson,  Latimer  and  Parks,  This  Journal,  42,  1533  (1920). 
■  KnstmaTi  and  Rodehiish.  Thtb  Toxtrnat.,  40,  4S9  (1P18). 
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coils  was  not  known.  The  construction  of  the  ayostat  is  such  that  a 
hydrogen  or  helium  thermometer  could  not  be  used.  Specific  heat  meas- 
urements at  the  lower  temperattures  were  made  in  terms  of  a  constantan 
resistance  thermometer.  It  is  hoped  that  investigations  now  imder  way 
will  soon  establish  an  accurate  low  temperature  scale  for  this  laboratory. 

Porificatian  of  Materials. — ^Imported  tetrachlorides  of  carbon,  silicon  and  tin  were 
used.  The  titanium  tetrachloride  was  prepared  from  nitile.  Each  tetrachloride  was 
distilled  at  a  low  pressure  into  a  specially  constructed  U-tube  which  was  then  sealed. 

The  liquid  was  purified,  first,  by  cooling  almost  to  the  freezing  point  and  filtering  out 


Tabi^e  II 
EXFERmBNTAL  Resui^ts 


Carixn  Tetrachloride 

Temp.      Ca  per  MW/h 
•K 

Solid, 39.1  0.60 

40.7  0.66 

63.8  2.05 
79.6  2.81 
91.0  3.40 
95.0  3.57 
99.5  3.60 

199.5  5.84 

204.1  5.90 

208.0  5.90 

SoUdi 229.4  6.20 

232.5  6.29 

235.6  6.22 

238.0  6.77 
Liquid 253.8  6.40 

265.1  6.30 
290  6.34 

Heat  of  transition  at  224.6''  K, 
7.10-7.19   cal.    per   gram. 
Heatoffusionat249''K,  4.1-4.22 
cal.  per  gram. 

Tttanhun  Tetrachloride 

Temp.      Cp  per  MW/S 
•K 

SoJid 86.7  4.26 

92.8  4.40 

99.3  4.54 

194.6  6.19 
231.8  6.31 

247.7  6.21 
Liquid 251.6  7.26 

294.3  7.32 

Heat  of  fusion  at  248.0*  K.  11.77 
cal.  per  gram. 


Silicon  Tetrachloride 


Temp.    Cp  per  MW/5 


Solid. 


77.4  3.60 

81.8  3.70 

86.6  3.83 

94.8  4.14 

131.3  4.80 

168.6  5.68 

181.0  5.95 

185.8  6.08 

Liquid 208.8  6.74 

294.3  6.94 
Heat  of  fusion  at  203.3 ""  K,  10.85 
cal.  per  gram. 


Tin  Tetrachloride 

Temp.  Cp  per  MW/S 
•K 

Solid 89.0  4.59 

89.5  4.53 

95.0  4.73 

95.9  4.71 

161.2  5.89 
200.5  6.32 
200.7  6.33 
205.0  6.26 

227.3  6.62 
Liquid 266.1  7.56 

294.0  7.86 
He^t  of  fusion  at  239.9  **  K,  8.38- 
^.42  nfK}.  per  graw, 
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any  solid  impurities  which  separated,  and  second,  by  repeated  crystallization  pouring 
off  each  time  that  portion  of  the  liquid  which  remained  after  most  of  the  sample  had 
crystallized.  Both  of  these  operations  could  be  carried  out  in  the  same  sealed  U-tube. 
The  rise  in  the  values  of  the  specific  heat  just  below  the  melting  point  was  very  mariced 
when  the  unpurified  compounds  were  used,  but  was  decreased  enormously  by  the  puri- 
fication carried  out.  The  melting  point  of  the  purified  silicon  tetrachloride  was  ap* 
proximately  20  ^  higher  than  the  value  given  in  the  literature. 

The  experimental  results  are  summarized  in  Table  II.  Measurements 
on  carbon  tetrachloride  at  lower  temperature  have  not  been  included 
because  of  the  uncertainty  in  regard  to  the  acciuacy  of  the  tempera- 
ture scale. 

Discussion  of  Results. 

In  Fig.  1  the  so-called  "Class  I"  or  Debye*  curves  have  been  drawn  for 
6*9  per  average  gram  atom  against  log  T.    These  curves  are  all  the  same 


1.4 


1.6 


2.0 


2.4 


InT 


function  of  T/d,  where  ^  is  a  constant  which  shifts  their  position  along 
the  log  T  axis.  Although  the  specific  heat  of  most  metals  follows  this 
regular  curve,  the  specific  heats  of  compoimds  in  general  do  not,  and  a  great 
many  explanations  have  been  oflFered  for  the  deviations.*  It  seems  to  the 
writer  that  this  curve  probably  represents  the  maimer  in  which  a  single 
atom  gains  thermal  energy,  and  only  when  all  the  atoms  of  a  substance  are 
of  similar  mass  and  held  by  similar  constraints  will  the  C,  curve  for  the 
substance  be  of  the  same  form.    Hence  for  a  compound  such  as  merciurous 

*  Lewis  and  Gibson,  This  Journal,  39,  2534  (1917). 

'  Lewis,  "A  System  of  Physical  Chemistry,"  Longmans,  Green  and  Co.,  1919»  Vol.  3. 
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chloride,  even  though  both  the  merctuy  and  chlorine  atoms  gain  thermal 
energy  according  to  this  typical  curve,  the  C,  curve  for  the  merciuy  will 
lie  above  that  for  the  dilorine,  and  the  C,  curve  for  the  compound,  which 
must  be  the  average  of  the  two,  will  deviate  from  this  typical  curVe.  On 
the  other  hand,  the  C,  curve  for  potassium  chloride  agrees  very  closely 
with  the  regular  curve  due  to  the  dose  agreement  of  the  masses  of  the 
potassium  and  chlorine  atoms.  Examples  of  the  quantitative  agreement 
of  the  average  specific  heat  curves  with  the  mean  of  two  Class  I  curves 
could  be  given  for  many  substances.  In  the  case  of  the  tetrachlorides 
the  curves  for  silicon  and  titanitmi  should  follow  the  shape  of  the  regular 
curve  very  closely.  The  greatest  deviation  is  to  be  expected  with  tin 
tetrachloride,  but  since  there  are  4  chlorine  atoms  to  1  atom  of  tin,  even 
in  this  case,  the  error  introduced  in  assuming  the  regidar  curve  for  extra- 
polating over  the  low  temperature  should  not  be  very  great.  The  deviation 
of  the  Cp  values  at  higher  temperatures  is  due  of  coiurse,  to  the  increasing 
difference  between  C,  and  Cp.  From  these  curves  the  entropies  of  the 
4  compotmds  have  been  calculated.  These  calculations  are  summarized 
in  Table  III. 

Tablb  III 

EnTROPISS  of  PoXTR  TBTRACHLORmSS 

ecu  SiCU  TiCU  SnCU 

5rp  Solid  II 31.80    

AF  of  transition..  1100 .• 

roftranstion.    224.6 

A5oftnuisition 4.90     

5«,pSolidI 3.14     33.86     43.80 44.50 

AE  of  fusion.... 644       18.46 22.33 21.88 

Tof  fusion 249'K 203.3     248*     23.99 

A5of  fusion 2.69     9.08     9.01 9.11 

5Uquid 6.63     13.60     6.70 8.23 


18.46 

33.86     

22 .33 

43.80 

203.3 

248* 

9.08     

13.60     

9.01 
6.70 

66.43 
-  48.27 
-128.100 

69.61 
-47.09 

Sm 49.06                       66.43  69.61                   61.84 

A5Mi  of  f onnation -60.84  -48.27  -47.09  -49.66 

Affmoffonnation....  -76.700  -128.100              -128.010 

AF,«  of  fonnation -60.660  -113.710              -113.210 

The  value  Stp,  Solid  II,  for  carbon  tetrachloride,  31.80,  is  the  entropy, 

C«iT 
fT  '  of  the  crystalline  form  stable  at  low  temperatures,  at  its  transi- 

•  T 

tion  point.  Since  Cp  has  been  plotted  against  log  T,  the  entropy  is  given 
by  the  area  under  the  curve.  The  increase  of  entropy  by  the  transition 
Ah/T  is  4.90 ;  the  increase  of  entropy  of  Solid  I  from  the  transition  point  to 
the  melting  point,  obtained  again  from  the  area  under  the  curve,  is  2.14; 
the  entropy  of  fusion,  2.59;  and  the  gain  of  entropy  of  the  liquid  from  the 
melting  point  to  298®  K,  6.63.    The  sum  of  these  values  gives  Suz  for 
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liquid  carbon  tetrachloride,  49.06.  In  the  row  designated  as  AStw  of 
formation,  the  figures  given  are  the  calculated  values  for  the  entropy  of 
formation  of  the  compounds  from  their  elements.  In  calculating  these 
values  ^298  of  the  elements  chlorine,  carbon,  silicon,  titanium  and  tin 
were  taken  as  25,  1.3,  2.7,  6.6,  and  11.5,  respectively.  The  heats  of  for- 
mation* of  these  compotmds  are  also  given  in  the  table.  Although  these 
values  are  probably  not  of  great  accuracy,  they  have  been  used  in  calculat- 
ing the  free  energy  of  formation  of  the  compounds  from  their  elements  by 
the  relation  AF^AH-TAS. 

It  will  be  observed  that  the  entropies  of  the  compounds  increase,  as  is 
to  be  expected,  in  the  order  of  increasing  molecular  weight.  The  most 
striking  fact,  however,  is  the  dose  agreement  of  the  entropies  of  formation; 
for  although  tte  entropies  of  the  compoimds  difiFer  by  more  than  13  entropy 
units,  the  entropies  of  formation  differ  by  less  than  4  units.  In  other 
words,  the  entropy  of  the  compound  is  the  sum  of  the  entropies  of  the 
elements  minus  a  constant.  This  indicates  that  the  difference  in  the  en- 
tropies of  the  tetrachlorides  is  due  entirely  to  the  difference  in  the  mass  of 
the   positive   atoms.    Quantitatively   this   difference  is   approximately 

at.wt.i 


S/2Rln 


at.wt.s 


This  relation  accounts  very  closely  for  the  difference  in  entropy  of  all 
the  solid  compounds  whose  elements  have  a  value  for  their  Kopp's-law 
constant  of  approximately  —3R.  Since  the  constraints  in  these  compounds 
obviously  vary  within  rather  wide  limits,  it  would  seem  the  conclusion 
must  be  drawn  that  there  is  a  limiting  value  for  the  constraints  below 
which  the  effect  upon  the  entropy  is  negligible.  The  data  for  a  large 
number  of  compounds,  including  the  tetrachlorides,  have  been  discussed 
in  a  previous  paper.^ 

Although  a  survey  of  the  data  on  the  entropy  of  fusion  of  a  large  ntmiber 
of  substances  shows  certain  marked  relationships,  it  is  impossible  to  make 
any  generalization  such  as  Trouton's  rule  for  the  entropy  of  vaporization. 
However,  the  agreement  of  the  entropies  of  fusion  of  silicon,  titanitmi  and 
tin  tetrachlorides  indicates  that  such  a  relationship,  although  masked  by 
other  factors  in  many  cases,  does  exist.  The  entropy  of  a  substance  is  a 
measure  of  the  complexity  of  thermal  motion.  Now  while  the  complexity 
of  thermal  motion  in  many  liquids  is  doubtless  much  the  same,  the  com- 
plexity of  motion  of  the  atoms  in  a  solid  with  low  constraints  must  be 
quite  different  from  that  in  a  solid  with  high  constraints.  Hence,  it  is 
not  surprising  that  the  entropy  of  fusion  varies  far  more  than  the  entropy 
of  vaporization,  and  yet  is  constant  for  many  classes  of  solids.    The 


•  Landolt-Bfirnstein,     "Tabellen." 

»  Latimer,  Tms  Journal,  43,  818  (1921). 
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entropy  of  fusion  of  chlorine,  9.5  entropy  units,  agrees  well  with  the  value 
found  for  the  three  tetrachlorides. 

Summary. 

The  specific  heats  of  carbon,  silicon,  titanium  and  tin  tetrachlorides 
have  been  measured  from  the  temperature  of  liquid  air  to  298^  K  and, 
in  addition,  the  specific  heat  of  carbon  tetrachloride  was  measured  at  still 
lower  temperatures  in  order  to  determine  the  whole  specific-heat  curve 
for  these  compounds.  The  heats  of  fusion  and,  in  the  case  of  carbon 
tetrachloride,  a  heat  of  transition,  were  also  determined,  thus  giving  the 
total  thermal  content  at  298"  K. 

The  entropy  of  each  of  the  compounds  at  290"  K  and  the  entropy 
change  in  the  formation  of  the  compound  from  its  elements  have  been 
calculated,  and  the  results  considered  in  reference  to  the  mass  of  the 
atoms  involved. 

BSRKSUBV,  CAI^n^RNIA.  

[CONTUBUnON  FROM  THS  COBMlCAl,  LABORATORY  OF  HARVARD  CoiXBGS.] 

INDUCTION  PEMODS  IN  REACTIONS  BETWEEN  TmOSULFATE 
AND  ARSENITE  OR  ARSENATE:^    A  USEFUL  CLOCK 

REACTION. 

By  Gsorgb  Shannon  Porbbs,  Howard  Wii«mot  EsTnj«,  and  Osbian  Jambs  Waucbr. 

Received  October  26.   1921. 

Vortmann*  in  1889  obtained  arseoious  sulfide  from  arsenite  or  arsenate 
and  thiosulf  ate  in  add  solution.  Neither  he  nor  any  later  worker  in  this 
field'  mentions  the  reaction's  sharp  and  highly  reproducible  induction 
period,  though  von  Szilfigyi  says  that  the  compound  K^s(S20s)s  which 
he  obtained  from  arsenious  chloride,  potassium  chloride  and  sodium 
thiosulf  ate  "decomposes  in  water  solution,  in  a  shorter  or  longer  time, 
according  to  concentration  and  temperature,  and  deposits  AssSs." 

Molal  arsenite  solution  was  prepared  from  sodium  hydroxide  and 
purest  commercial  arsenious  oxide.  Each  portion  used  was  converted 
to  arsenious  add  by  the  calculated  volume  of  standard  hydrochloric  add. 
Molal  thiosulfate  solution  ^^^as  standardized  against  iodine,  purified,  re- 
sublimed  and  dried.  Standard  solutions  of  hydrochloric  and  acetic  acids 
were  referred  ultimately  to  properly  dehydrated  sodium  carbonate. 

Into  one  beaker  we  discharged  from  burets  arsenite,  water,  neutral- 
izing add,  and  acetic  or  hydrochloric  add  in  excess;  into  a  larger  beaker, 
'  The  work  on  arsenates  was  performed  mainly  by  O.  J.  Walker, 
s  Vortmaim,  Ber.,  22, 2308  (1889). 

*  Weinland  and  Gutmann,  Z.  anorg,  Mackenzie  and  Marshall,  /.  Chem.  Soc, 

Chtm.,  17,  409  (1898).  93,  1726  (1908). 

Gutmann,  Ber.,  38,  1728,  3277  (1905);    J.  von  SzUdgyi,  Z.  anorg.  dUgem.  Chem,, 
40,  2818  (1907);  41,  1650  (1908).  113,  75  (1920). 

Digitized  by  LjOOQ IC 


98  G.  S.  I^ORBES,  HOWARD  W.  BSTILI.  AND  OSMAN  J.  WAI^K^R. 

water  and  thiosulfate.  All  the  volumes  were  planned  to  give  the  desired 
concentrations  in  a  total  volume  of  100  cc.  The  two  solutions,  brought 
to  22.0**,  were  quickly  and  thoroughly  mixed,  noting  the  time  by  an  or- 
dinary watch,  or  by  a  stop-watch  held  by  a  second  person  if  the  period 
was  short.  The  precipitate  suddenly  appeared  from  a  clear  solution  after 
an  interval  fixed  by  temperature  and  concentration,  which  was  carefully 
recorded.  Table  I  gives  induction  periods  in  seconds  with  acetic  acid 
in  excess.  These  are  inversely  proportional  to  thiosulfate  concentration 
over  a  wide  range.  They  are  almost  independent  of  the  other  concen- 
trations. 

Tablb  I 
Induction  Periods  with  Acetic  Acid  in  Excess 

Millimoles  of  Sodium  Thiosulfate  per  Liter 


M           HAc 
H.A8O1        S.O, 

800 

400 

320 

240 

200 

80 

Mmoles.  Mmolea. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

20            4 

24 

,  . 

,  . 

48 

127 

20           2 

,  , 

25 

50 

130 

80           4 

25 

32 

42 

. . 

130 

80           2 

13 

25 

33 

45 

120 

80            1 

, , 

27 

32 

47 

,  ^ 

146 

This  reaction  is  highly  suitable  for  lecture  demonstrations  both  of 
induction  periods  and  of  the  simplest  relation  between  concentration  and 
reaction  velocity.  The  familiar  reaction  liberating  iodine  from  iodate 
and  sulfurous  acid  is  less  satisfactory,  as  its  ingredients  are  less  stable, 
and  the  time-concentration  relations  highly  complicated.^  The  normal 
temperature  coeflScient  of  the  induction  velocity  suggests  another  good 
experiment. 

Vortmann  gives  the  reaction:  2H8As08+9H2Ss08=As2S8+3SO»+9HiO 
+  3H2S4O6,  while  von  Szildgyi  finds,  in  concentrated  solution,  that 
AsCls+SKCl+SNa^SsOs  =  eNaCl+KjAs  (8203)8  =  6NaCl+3K2S80.+ As^Sj. 
We  have  been  unable  to  resolve  either  of  the  above  reactions  into 
stages  which  give  the  relations  between  time  and  reaction  velocity  ob- 
served by  us.  If  the  slowest  stage  is  a  tmimolecular  decomposition  of 
thiosulfate,  this  must  proceed  in  an  unfamiliar  fashion,  as  it  is  retarded 
by  increasing  hydrogen-ion  concentration.     , 

No  analogy  with  the  Landolt  reaction,  where  the  final  product  is  for 
a  time  consumed  by  an  original  reactant,  appears  valid.  This  much, 
however,  may  be  said, — the  induction  period  is  probably  not  a  coagu- 
lation time  effect,  as  it  is  not  materially  affected  by  excess  of  acetic  acid, 
or  by  aluminum  salts. 

Table  II  shows  that  hydrogen  ions  beyond  half  the  thiosulfate  concen- 
tration greatly  prolong  the  periods.  Below  this  value,  these  are  indepen- 
dent of  acid  concentration,  hydrochloric  or  acetic.  Arsenious  sulfide, 
<Eggert,  Z.  Elektrochem.,  23,  8  (1917). 
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then,  forms  less  readUy  from  thiosulfate  decomposed  by  excess  of  hy- 
drogen ion.  Strangely  enough,  one  mol  of  arsenite  or  arsenate  will  pre- 
vent 20  or  more  mols  of  thiosulfate  from  separating  free  sulfur  when 
treated  with  large  excess  of  hydrochloric  acid. 

The  induction  periods  become  somewhat  longer  if  arsenate  replaces 
arsenite.     In  general  no  sulfide  appears  unless  there  are  over  two  mols 

Table  II 
Effect  of  Hydrogen  ion  on  Induction  Periods.    Time  in  Seconds 
H»AsOi  constant  at  80  millimoles  per  liter 


NaaSiOs 
per  liter 
Mmoles. 

HCl/Na 

sStO. 

H 

Ac/Na«S^ 

Oi 

4 

2 

1 

Vt 

V. 

Vt 

4 

2 

1 

400 

240 

120 

.  , 

,  . 

, . 

, 

26 

25 

27 

320 

300 

120 

60 

35 

30 

30 

32 

33 

32 

280 

360 

210 

125 

42 

33 

34 

, , 

, , 

", , 

240 

1260 

780 

150 

50 

40 

40 

42 

45 

47 

80 

3120 

1500 

, . 

, . 

130 

120 

146 

of  thiosulfate  and  of  hydrogen  for  each  mol  of  arsenic  acid.    Great  excess 
of  one  reactant,  especially  of  thiosulfate,  compensates  for  deficiency  in 
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Fig.  1. 

the  other.  Each  cxixve  in  Fig.  1  represents  a  solution  containing  one  con- 
stant concentration;  in  1,  0.06  M  Na2S208;  II,  0.05  M  HsAsO*;  III,  0.07 
Af  H,As04;  IV,  0.25  Af  NajSjOa;  V,  0.14  M  HjAsO*;  VI,  0.02  M  H,- 
ASO4;  VII,  0.25  Af  HsAs04.  Each  point,  located  by  trial,  gives  a  con- 
centration ratio  yielding  the  barest  turbidity  after  a  long  time.  The  area 
below  and  to  the  left  of  each  curve  includes  all  ratios  which  yield  no  pre- 
cipitate. 
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Mackenzie  and  Marshall  state,  without  giving  the  evidence,  that  thio- 
sulfate  reduces  arsenate  to  arsenite  in  acid  solution.  We  may  write  the 
reaction 

2SiO,'  +  HASO4'  +  4H-  -  S4O/  +  HtAsO,  +  H«0. 

In  alkaline  solution  the  reaction  is  reversed.  We  verified  the  above 
equation  thus.  In  mols,  Solution  A  originally  contained  0.01000  Nat- 
HASO4,  0.02000  NajStOj,  and  0.04000  HCl.  After  standing  for  a  long  time 
only  0.00080  HCl  remained.  Solution  B  originally  contained  0.01000 
Na2HAs04,  0.01500  NajSaOa,  and  0.04000  HCl.  The  final  excess  of  hydro- 
chloric acid  was  0.00892;  i.  e.,  0.03108  HCl  has  disappeared.  If  0.01500 
NajStOj  uses  up  0.00750  NaiHAs04,  0.00250  NaiHAs04  remains,  which 
requires  0.00250  HCl  to  neutralize  it.  Therefore  0.02858  HCl  was  con- 
sumed in  arsenite  formation,  very  nearly  the  calculated  amount. 

After  standing,  solutions  of  Type  A  gave  a  copious  and  prompt  pre- 
cipitate with  hydrogen  stdfide  as  the  equation  would  predict.  But  silver 
salts  produced  a  yellow  precipitate,  rapidly  darkening,  and  barium  salts, 
added  to  the  neutralized  solution,  an  unstable  white  crystalline  precip- 
itate. The  last  two  reactions,  highly  characteristic  of  trithionate,  suggest 
the  reversible  reaction  H»As08+S40e''^^3H*+AsO|S'''+S30e".  This 
equilibrium  would  be  displaced  from  right  to  left  by  precipitation  of 
arsenious  stdfide,  and  from  left  to  right  by  formation  of  insoluble  tri- 
thionates.  The  speed  of  arsenite  formation  was  studied  in  solutions 
containing  0.00500  Na2HAs04,  0,01000  NaaSjO,,  and  0.02000  HCl  in  100 
cc.  At  the  desired  moment  reaction  was  stopped  by  pouring  into  a  quan- 
tity of  alkali  foimd  by  preliminary  experiments  to  be  nearly  equivalent 
to  the  remainiHg  acid.  A  small  amount  of  standard  acid  or  alkali  com- 
pleted the  adjustment.  The  constmiption  of  acid  thus  determined  was 
after  15  seconds,  0.00972;  30  seconds,  0.01186;  1  minute,  0.01376;  2 
minutes,  0.01504;  overnight,  0.01847.  The  graph  was  obviously  expo- 
nential in  character,  but  the  above  data,  before  mathematical  analysis, 
reqtiire  correction  at  each  stage  for  the  quantities  of  acid  hydrogen  in  the 
various  anions  present. 

Thiosulfate,  therefore,  very  rapidly  reduces  arsenate  to  arsenite,  and 
then  converts  the  latter  into  arsenious  sulfide.  These  conclusions  were 
confirmed  by  analysis  of  the  precipitate.*  The  approximate  equality 
of  induction  periods  for  arsenate  and  arsenite,  allowing  for  acid  and  thio- 
sulfate consumed  in  the  first  stage  of  the  reaction,   must  follow;    for 

'  A  brief  preliminary  statement  regarding  a  part  of  this  work  in  Science,  50,  443 
(1910),  and  C.  A„  14, 3605  (1920)  requires  two  corrections.  (1)  Freezing-point  measure- 
ments, which  we  have  since  made  but  not  recounted  here,  do  not  confirm  the  h3rpothesis 
of  complex  formation;  the  phenomena  are  sufficiently  explained  by  the  consecutive 
reactions  which  occur.  (2)  Vortmann  was  incorrectly  quoted  in  the  statement  made 
there  that  arsenic  pentasulfide  is  formed  by  the  action  of  thiosulfate  on  arsenate. 
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a  small  concentration  of  arsenite,  as  shown  previously,  reacts  almost  as 
rapidly  as  a  larger  one. 

The  speed  of  precipitation  of  arsenious  sulfide  from  arsenite  was  next 
studied  (see  Table  III).  To  find  the  amount  produced  in  30  minutes  for 
instance,  the  solution  stood  at  22^  for  29  Vs  minutes  from  the  end  of  the 

Tabls  III 
PR9cn>rrATioN  of  Arssnious  SuLFn>9  ntoM  Ars^nits 

MilUmolea  per  liter 

(1)  H»AsO.,  20;  NasSsOt,200;  HAc,  400 

i    Vt  12  4  8  16  432        3000 

5    6.36      7.11        7.80        8.60        9.63      11.38      16.23        21.6 

Millimoles  per  liter 

(2)  H.AsOi,80;  NasSiO.,80;  HAc460  m. 

I  1  2  4  8  16  404        3000 

5  2.32        2.63        2.82        3.18        3.45        6.26        18.0 

Si/St  3.1  3.0         3.0         3.0         3.3         2.6  1.2 

induction  period.  It  was  then  quickly  filtered  through  a  weighed  Gooch 
crucible,  the  operation  consuming  one  minute.  The  sulfide  was  washed^ 
dried  at  110^,  and  after  weighing  treated  with  dil.  ammonia  to  prove  that 
free  sulfur  was  absent,  or  present  in  traces  only.  The  data  are  given  in 
millimoles  of  AssSt/2.  The  course  of  the  reaction  suggests  autocataly^is, 
but  none  of  the  final  reaction  products,  added  in  small  amounts  to  solu- 
tions at  the  start  of  their  induction  periods,  changed  thiese  materially. 

Vortmann's  equation  calls  for  20.0  millimoles  of  AssSs/2  from  Solution 
1,  and  for  2/9  X  80,  or  17.8  from  Solution  2.  The  excess  noted  appeared 
to  be  due  to  free  sulfur  in  each  case.  The  precipitation  reaction  is  to 
some  extent  reversible,  as  sulfurous  acid  dissolves  the  sulfide  perceptibly, 
but  this  may  be  repredpitated  by  blowing  out  sulfur  dioxide  with  a  stream 
of  carbon  dioxide. 

Table  IV  shows  how  initial  speeds  of  precipitation  vary  with  concen- 
trations. With  acetic  acid,  speed  is  almost  independent  of  arsenite, 
but  nearly  proportional  to  thiosulf  ate  and  to  hydrogen  ion  concentration. 
With  hydrochloric  acid,  however,  the  speed  is,  roughly,  inversely  propor- 
tional to  the  latter. 

When  the  ratio  of  thiosulfate  to  arsenious  acid,  Na2S20j/H3As08,  is  3, 
initial  precipitation  is  much  more  rapid  if  most  of  the  acid  is  added  at 
the  end  of  the  induction  period  instead  of  at  the  beginning.  When  the 
ratio  is  4,  however,  no  diifference  is  observed.  See  Table  V.  In  Table 
VI  it  is  evident  that  the  same  change  in  the  ratio,  from  3  to  4,  strikingly 
abbreviates  the  induction  period,  especially  in  the  more  concentrated 
solutions.  An  explanation  of  these  highly  interesting  observations  would 
doubtless  throw  much  light  upon  the  reaction  mechanism. 
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Tabids  IV 
Inflxtbncb  of  Changing  Concbntrations  upon  Molss  of  AsA/2  Prscipitatsd 

IN  THK  First  15  Minutss 


HiAsOi 
Mmoles. 

NaiStOi 
Mmoles. 

HAc 
Mmoles. 

(H+) 
Start 

AsiSi/2 
Mmoles. 

Ha 

Mmoles. 

AbA/2 
Mmoles. 

80 

200 

400 

0.0027 

6.46 

... 

.... 

40 

200 

400 

0.0027 

6.08 

400 

9.08 

20 

200 

400 

0.0027 

5.56 

400 

6.72 

20 

200 

800 

0.0038 

8.21 

800 

3.36 

20 

200 

200 

0.0019 

3.63 

200 

17.10 

20 

100 

200 

0.0019 
Tablb  V 

1.93 

200 

5.37 

Amount  of  Ars^nious  Sulfide  Prbcipitatbd  in  15  MiNxrrss  from  End  of  Induction 

Pbriod 
Concentrations  in  miUimoles  per  liter  of  final  mixture 


H,AsO, 

80 

80 

80 

80 

80 

80 

NajStO. 

320 

320 

320 

240 

240 

240 

Initial  HCl 

640 

40 

40 

480 

40 

40 

Added*  HCl 

0 

600 

1200 

0 

440 

880 

Total  HCl 

640 

640 

1240 

480 

480 

920 

As^/2 

12.8 

12.6 

6.8 

9.0 

6.7 

3.2 

20 
Sec. 

10 
Sec. 

5 
Sec. 

4 
Sec. 

Sec. 

8 
Sec. 

2 

Sec. 

1 
Sec. 

.180 

240 

300 

600 

720 

840 

1120 

1620 

180 

180 

360 

540 

720 

.... 

.... 

... 

120 

120 

180 

300 

600 

1110 

1350 

.  .  . 

65 

120 

120 

210 

780 

1350 

1500 

120 
Summj 

180 

arv. 

780 

1380 

1560 

*  Added  at  end  of  induction  period. 

Tabi.9  VI 
Influence  of  Concentration  Ratio  upon  Induction  Periods 
HCl/Na»SsOt  «  2  in  all  cases 

HsAsOi  Ratio    of    NaiSfOi-.HtAsOii 

Mmoles. 

per  liter 

10 
20 
40 
80 
100 


The  induction  period  preceding  precipitation  of  arsenious  sulfide  from 
an  acidified  solution  containing  thiosulfate  and  arsenite  is  extremely 
sharp  and  reproducible.  Its  duration  is  strictly  in  inverse  proportion 
to  thiosulfate  concentration,  and  practically  independent  of  concentra- 
tion of  arsenite,  or  of  acetic  acid.  Hydrochloric  acid  prolongs  the  periods. 
It  is  much  better  for  experimental  demonstration  of  induction  periods, 
of  the  relation  between  concentration  and  reaction  velocity,  and  of  the 
temperature  coefiicient  of  reaction  velocity  than  the  familiar  iodine  clock. 

The  prolongation  of  the  periods  by  strong  acids,  the  limiting  concen- 
trations yielding  precipitates  when  arsenates  are  used,  and  the  speed  of 
precipitation  were  investigated. 
Cambridge  38,  Massachusetts. 
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LINE 

By  Jamss  H.  Walton  and  Clarence  R.  Wise 

Received  October  31,  1921 

In  connection  with  a  series  of  tests  on  quinoline  as  a  solvent  it  was  found 
that  the  solubility  of  lithium  chloride  in  this  substance  decreases  markedly 
with  rise  in  temperature.  This  difference  in  solubility  is  sufficient  to 
produce  a  fairly  voluminous  crystalline  precipitate  when  a  solution  satu- 
rated at  room  temperature  is  heated  to  the  neighborhood  of  the  boiling 
point.  This  paper  deals  with  the  solubility  of  lithium  chloride  in  quino- 
line at  various  temperatures. 

Experimental 

ReagentB. — ^The  lithium  chloride  was  the  purest  obtainable  on  the  market.  It 
was  purified  by  icciys(HHiring  from  absolute  alcohol  and  drying  at  160**,  and  was  found 
free  from  sodium,  potasdum,  and  the  nitrate  and  sulfate  ions.  Analysis  of  the  chlorine 
content  showed  the  substance  to  be  99.8%  pure. 

The  quinoline  was  dried  by  allowing  it  to  stand  over  potassium  hydroxide,  then  over 
barium  oxide,  from  which  it  was  then  distilled.  The  product  obtained  in  this  way  was 
amber  ocrfored.  To  obtain  an  absolutely  colorless  liquid  at  least  6  redistillations  were 
necessary.  The  colorless  product  obtained  in  this  way  distilled  at  231.4®  at  740.5  mm. 
The  boiling  point  is  given  in  the  literature  at  237-239  ®  at  760  mm.  On  standing  in  the 
li^t,  quinoline  becomes  discolored,  but  a  sample  preserved  in  a  bottle  coated  with  as- 
phalt paint  showed  no  change  in  color  after  6  months. 

Apparatus. — ^The  samples  of  the  liquid  phase  were  taken  in  an  apparatus  described 
by  Walton  and  Judd^  which  permits  the  sample  to  be  filtered  and  collected  in  a  weighing 
bottle  without  removing  it  from  the  con- 
stant-temperature bath.  Between  0**  and 
70*  the  ordinary  type  of  thermostat  was 
used;  above  that  temperature  vapor  baths 
were  used,  the  temperature  of  the  vapors 
being  kept  constant  by  heating  them  under  a 
pressure  that  was  kept  constant  by  means  of 
an  automatic  regulator.' 

Procedure. — ^The  dry  Uthium  chlor- 
ide and  quinoline  were  placed  in  the 
tube  and  stirred  until  equiUbrium  '""*'"'' 

was  reached,  about  48  hours  being  necessary.  Samples  of  the  Uquid 
phase  were  taken  about  every  5  hours  and  the  chlorine  content  deter- 
mined by  the  Volhard  method.  When  this  was  found  to  be  constant  a 
sample  was  analysed  for  chlorine  gravimetrically  in  the  usual  way.  That 
the  presence  of  quinoline  introduces  no  error  in  the  determination  is 

*  Walton  and  Judd,  Tras  Journai^,  33,  1036  (1916). 

'Mathews and  FaviUe.  /.  Phys,  Chem.,  22,  1  (1918). 
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shown  by  the  following  analyses.  The  sample  of  lithitim  chloride  was 
dissolved  in  5  cc.  of  quinoline;  150  cc.  of  water  and  an  excess  of  nitric 
acid  were  then  added. 


Sample 
G. 

^G? 

UCl  in  tampte 
% 

Ua  in  abKoce  of 

0.2466 

0.8283 

99.91 

W.79 

0.2606 

0.8461 

99.76 

09.70 

In  analyzing  the  solid  phase  the  sample  was  carefully  dried  with  filter 
paper  and  then  kept  in  a  desiccator  mitil  free  from  adhering  quinoline, 
and  the  chlorine  content  determined  gravimetrically. 

The  following  table  gives  the  data  obtained  in  these  experiments. 

Tabls  I 
SoLVBTLm  OF  LiTmuM  Cm«ORn>B  m  Quisoixmi 


Temperature 

LiCl  per  100  g.  of  solvent 
G. 

ua  in  solid  phase 
% 

0 

0.1616 

13.92 

26 

0.3638 

13.97 

40 

0.6176 

13.43 

46 

1.0328 

13.90 

60 

1.1107 

14.30 

66.4 

1.1734 

14.22 

67 

1.2363 

14.23 

76 

0.8180 

14.14 

96 

0.4688 

14.33 

The  composition  of  the  solid  phase  corresponds  to  the  formula  (C»H7N)2.- 
LiCl,  containing  14.1%  of  lithium  chloride.  This  compound  is  very  stable 
at  all  temperatures  between  0  °  and  97  °.  A  sample  standing  in  a  desiccator 
for  2  weeks  showed  no  change  in  composition. 

Above  67°  the  length  of  time  necessary  to  bring  about  equilibrium  re- 
sulted in  decomposing  the  quinoline.  As  a  consequence  the  analyses 
above  this  temperature  become  less  accurate.  There  is  evidence  of  the 
formation  of  a  new  solid  phase  above  100°,  but  because  of  reasons  just 
mentioned  its  composition  was  not  determined. 

The  results  obtained  are  shown  graphically  in  the  figure.  That  wc  have 
here  a  single  curve  and  not  the  intersection  of  two  curves  is  conclusively 
proved  by  the  constant  composition  of  the  solid  phase. 

Summary 

1.  The  solubility  of  lithium  chloride  in  quinoline  has  been  studied  be- 
tween 0°  and  97°. 

2.  The  solid  phase  in  equilibrium  with  the  lithium  chloride-quinoline 
solution  has  the  composition,  between  0°  and  97°,  of  (CgH7N)2.LiCl. 
This  compound  has  never  been  reported  before. 

3.  The  ^lecomposition  of  quinoline  makes  it  impracticable  to  study  the 
solubility  above  97°. 

Madison,  Wisconsin 
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EQUILIBRIA  IN  THE  SYSTEMS  CARBON  DISULFIDE: METHYL 
ALCOHOL,  AND  CARBON  DISULFIDE :ETHYL  ALCOHOL.^ 

By  B.  C.  McKslvt  and  D.  H.  Simpson.* 

Received  October  81,  1931. 

Introduction. 

The  occasion  for  the  determination  of  the  data  presented  in  this  paper 
arose  several  years  ago  in  connection  with  work  on  the  preparation  of 
pure  anhydrous  alcohols  to  be  used  in  density  determinations.  As  is 
well  known,  in  certain  cases  of  limited  miscibility  between  two  liquid 
components,  the  critical  solution  temperature  offers  an  extremely  sen- 
sitive criterion  of  the  purity  or  of  changes  in  purity  of  either  compound 
provided  that  the  other  component  is  either  pure  or  of  constant  compo- 
sition. 

Mixtures  of  hydrocarbons,  such  as  gasoline  and  kerosene,  have  been 
used  extensively  in  testing  the  lower  alcohols,  but  in  order  to  obtain  a 
fixed  and  easily  reproducible  point  it  is  desirable  to  have  a  definite  com- 
pound as  the  second  component.  Various  hydrocarbons  of  the  methane 
series,  such  as  pentane,  hexane  or  heptane,  could  be  used  for  this  purpose, 
but  they  are  difficult  to  prepare  with  a  sufficient  degree  of  purity.  Carbon 
disulfide  is  preferable  because  it  is  easily  prepared  pure  and  is  fairly  stable 
when  kept  under  the  proper  conditions.  It  therefore  appeared  that  more 
work  should  be  done  and  more  reliable  values  obtained  on  the  equilibria 
in  such  common  systems,  of  which  the  boiling-point  curves  have  been 
the  subject  of  study  by  many  investigators. 

General  Principles. 

The  present  discussion  of  equilibria  in  binary  systems  in  which  the 
components  are  only  partially  misdble  will  be  confined  to  temperatures 
at  which  the  vapor  pressures  of  the  components  are  small,  far  less  than 
the  critical  pressures,  and  to  cases  in  which  only  the  upper  critical  solu- 
tion temperature  is  realizable. 

Consider  two  components  such  as  A  and  B  (Pig.  1)  which  are  n«t  com- 
pletely miscible  in  the  liquid  state.  Small  quantities  of  B  added  to  A, 
at  the  temperature  T^,  will  at  first  dissolve  forming  a  homogeneous  liquid 
phase.  When  the  liquid  has  the  composition  represented  by  the  point 
a,  further  quantities  of  B  will  not  dissolve,  but  will  take  up  some  A  from 
*  Published  by  pennissum  of  the  Director  of  the  Bureau  of  Standards,  Washington, 
D.  C. 

'  This  investigation  was  practically  completed  prior  to  the  death  in  November, 
1919,  of  Mr.  McKelvy,  the  senior  author,  and  the  manuscript  was  subsequently  pre- 
pared by  the  junior  author.  Valuable  suggestions  were  received  from  Mr.  G*  W. 
Morey.  of  the  Geophysical  Laboratory. 
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the  liquid,  fonning  a  second  liquid  layer  of  composition  6.  As  more  and 
more  B  is  added,  the  phase  6  will  increase  in  amount,  while  the  conjugate 

solution  a  will  decrease  until  when  the 
mass  has  the  composition  6  the  first  liquid 
will  have  disappeared  completely.  Simi- 
larly, if  the  liquid  A  be  added  to  B  at 
the  temperature  T^,,  the  mixture  will 
remain  homogeneous  until  the  compo- 
sition h  is  reached,  when  a  second  liquid 
layer  of  the  composition  a  will  sepa- 
rate. 

As  the  temperature  is  changed  the 
mutual  solubility  of  the  two  liquids  will 
change,  the  solubility  increasing  if  tJhe 
differential  heat  of  solution  is  negative, 
decreasing  if  it  is  positive.  We  will 
consider  the  case  that  the  solubility  in 
each  layer  increases  with  temperature. 
The  two  conjugate  liquids  a  and  h  will 
Fig.l.— Typical equiHbritim  diagram  then  approach  each  other  in  composi- 
for  two  partiaUy  miscible  components.  ^.^^^  ^^^j  ^^  ^^  .^^^  ^^j^^^^  ^^ 

perature"  T^,  the  two  solutions  become  identical  in  composition,  and  the 
curve  has  a  horizontal  tangent.  At  temperatures  above  the  critical  so- 
lution temperature  the  two  components  are  completely  miscible  in  the 
liquid  state. 

The  effect  of  the  introduction  of  a  third  component  into  a  binary  sys- 
tem exhibiting  limited  miscibility  will 
depend  on  whether  the  added  substance 
increases  or  decreases  the  mutual  solu- 
bility of  the  two  liquids.  Consider  a 
ternary  system  ABC  (Fig.  2)  in  which 
the  components  A  and  B  are  partially 
miscible;  K  is  the  binary  critical  solu- 
tion, a  and  h  two  binary  conjugate  liquid 
layers  at  a  lower  temperature  7^.  If 
addition  of  C  increases  the  mutual  solu- 
bility of  a  and  6,  the  two  liquid  layers 
will  approach  each  other  in  composi-  Fig.  2.— Three  component  S3rstem« 
tion,  until  at  K'  they  become  identical;  in  which  addition  of  C  increases  the 
Ta  is  the  ternary  critical  solution  tem-  °^"*"*^  solubility  of  A  and  B. 
perature  of  the  mixture  of  composition  K'.  Addition  of  C  in  this  case 
lowers  the  critical  solution  temperature.  The  case  in  which  addition  of 
C  diminishes  the  mutual  solubility  is  shown  in  Pig.  3;  the  two  curves  aa' 
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and  bb'  give  the  composition  of  the  two  liquid  layers  at  the  temperature 
7..  In  this  case  a  higher  temperature  is  necessary  in  order  to  make  the 
two  layers  miscible,  and  addition  of  C  will  raise  the  critical  solution  tem- 
perature«  Both  the  direction  of  the  effect  atid  its  magnitude  depend  on 
the  specific  properties  of  the  components;  the  first  case  will  usually  be 
found  in  systems  in  which  the  component  C  is  miscible  with  both  A  and 
B,  the  second  case  in  systems  in  which  the  component  C  is  immiscible 
with  either  A  or  B,  or  with  both.  In  the  latter  case  the  effect  will  be 
the  more  marked  the  more  complete  the  immisdbility.  An  example  is 
the  effect  of  water  on  the  critical  solution  temperatm^  of  the  system 
ethyl  alcohol-kerosene,  in  which  1%  of  water  raises  the  critical  solution 
temperattu^  nearly  20°. 

The  effect  of  addition  of  the  component  C  on  the  ratio  A/B  of  the 
conjugate  solutions  and  the  critical  solution  should  also  be  considered. 
Addition  of  C  will  in  general  alter  the 
proportion  of  A  and  B  in  the  conjugate 
solutions  (Fig.  2),  and  the  curve  passing 
through  the  critical  compositions  will 
not  in  general  coincide  with  the  ciu-ve 
KC,  which  represents  the  compositions 
of  the  solutions  obtained  by  adding  C  to 
the  binary  critical  mixtm^  K.  In  other 
words,  when  increasing  amounts  of  C 
are  added  to  the  mixttu^  represented 
by  the  point  K,  the  temperattu^  at 
which  the  liquids  become  mutually  solu-  Fig.  3.— Three-component  system, 
ble  is  not  the  critical  temperattu-e,  but  '^  which  addition  of  C  decreases  the 
merely  a  point  on  the  mutual  solubility  "^"^"^  solubility  of  A  and  B. 
surface  of  the  ternary  system.  At  the  critical  solution  temperature,  on 
the  curve  KK'K"  the  two  liquid  phases  become  identical  in  composition; 
at  a  point  on  the  line  KC,  a  liquid  of  one  (changing)  composition  be- 
comes completely  soluble  in  another  of  different  (changing)  composition. 
This  distinction  between  points  on  the  line  KC  and  between  true  critical 
section  temperattu'es  is  one  often  disregarded. 

Earlier  Work. 

Study  of  the  earlier  work  showed  wide  discrepancies  in  values,  which 

are  probably  almost  totally  ascribable  to  impurity  of  the  materials  used. 

1.    In  the  system  carbon  disulfide:  methyl  alcohol,  Rothmund'  obtained  39.92*' 

as  the  critical  solution  temperature  and  approximately  84.5%  by  weight  of  carbon 

dinilfide  as  the  critical  concentration.    Tunmermanns*  in  a  very  comprehensive  paper 

'Rothmund,  Z.  physik,  Chem.,  26,  433  (1898). 

« Thnmermanns,  R^cherches  Exp^mentales  sur  les  Ph^nom^es  de  D^ixtion 
des  Melanges  Liquides.     Thesis,  University  of  Brussels,  1911. 
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reported  48.5''  for  the  critical  solution  temperature  of  this  system  but  gave  no  value 
for  the  concentration.  He  stated  that  the  alcohol  used  contained  traces  of  water. 
No  values  could  be  found  in  the  literature  for  temperatures  below  zero. 

2.  In  the  system  carbon  disulfide :  ethyl  alcohol  Guthrie^  gave  —14.4^  for  the 
critical  solution  temperature.  No  value  for  the  critical  concentration  can  be  read 
from  a  curve  through  the  foiu:  points  given  by  him.  Kuenen*  gave  —10.6**  for  the 
critical  solution  temperature,  but  no  values  for  concentration.  For  this  ssrstem  values 
have  been  found  for  only  five  concentrations,  probably  because  of  the  low  temperature 
required  for  the  complete  investigation. 

Purification  of  Materials. 

The  materials  used  were  carefully  purified  and  special  attention  was 
paid  to  the  dehydration  of  the  alcohols.  Freezing  points,  densities,  and 
the  critical  solution  temperature  itself  were  used  as  criteria  of  purity. 
(Hereafter  the  abbreviation  c.  s.  t.  will  be  used  in  place  of  the  words  crit- 
ical solution  temperature.) 

Carbon  Disulfide. — Preliminary  tests  were  made  in  which  samples 
were  piwified  as  follows:  (a)  by  treatment  with  bromine;  (b)  by  treatment 
with  fuming  nitric  acid,  one  portion  being  further  treated  with  phos- 
phorus pentoxide  and  another  portion  with  cone,  sulfuric  acid;  (c)  by  dis- 
tillation from  a  flask  containing  ceresin.  The  c.  s.  t.  of  each  sample 
(see  Table  I)  with  the  same  test  alcohol  was  used  as  a  basis  for  compar- 
ing the  different  products. 


Tablb 
PRBifDONARy  Tests  on 

I 
Carbon  Disuunon 

Cs.t.  with 

Treatment 

test 

alcohol  No.  1 

•  c 

Bromine 

35.27 

Fuming  HNOi 

(a)thenP,0. 

34.09 

(b}thenHsS04 

35.00 

Distilled  from  ceresin 

35.00 

The  carbon  disulfide  used  was  prepared  by  the  third  method  which  seemed 
to  be  simple  as  well  as  efficient.  No  satisfactory  explanation  has  been 
offered  of  the  mechanism  by  which  the  ceresin  removes  the  impurities. 
Twelve  liters  of  technical  carbon  disulfide  was  distilled  from  about  900  g. 
of  ceresin.  The  ariddle  fraetietre  ofHus  distillation  were  combined  and 
redlStUTed  from  fused  caldmn  chloride.  The  temperature  of  the  vapor 
remained  constant  at  46.6^  (uncorr.)  during  both  distillations.  The- 
constancy  of  the  c.  s.  t.  of  the  fractions  as  shown  in  Table  II  indicates 
that  the  second  distillation  might  not  have  been  necessary. 

Fraction  5  of  the  second  distillation  was  used  in  this  investigation. 
Its  freezing  point  was  determined  as  follows. 

»  Guthrie,  PhU,  Mag.,  [5]  18,  496  (1884). 
•  Kuenen.  PhU.  Mag.,  [ftl  6,  637  (loas). 
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Tabids  II 

PiNAi«  Purification  ov  Carbon  Disuu^idb 

Distilled  from 

ctmun 

Fraction 

C.  ■.  t.  with 
test  alcohol  No.  2 

combined  and 

distilled  from 

CaCla 

Fraction 

Ca.t.  with 
test  alcohol  No.  3 

1 

34.15 

1 

34.80 

2 

34.80 

2 

34.78 

3 

34.75 

3 

34.65 

4 

34.70 

4 

34.75 

6 

34.60 

5 

34.65 

6 

34.go 

, 

-  thtTmenK'tBr  hMd 


The  carbon  disulfide  was  first  frozen  by  means  of  liquid  air  in  a  bulb  to  which  was 
attached  by  a  glass-to-metal  joint^  a  diaphragm  valve  through  which  the  bulb  was  con- 
nected to  the  freezing-point  apparatus,  illustrated  in  Fig. 
4.  The  valve  was  then  opened  and  after  the  entire  sys- 
tem had  been  evacuated  the  carbon  disulfide  was  melted 
and  comienspd  into  the  freezing-point  tube.  Dtuing 
the  measurement  of  the  freezing  point  the  liquid  was 
stirred  with  a  platinum  stirrer  fastened  to  a  gold-plated 
mm  ring  fviiich  in  turn  was  moved  up  and  down  by  a 
large  permanent  magnet  outside.  Temperatures  were 
measured  by  means  of  a  platinum  resistance  thermo- 
meter* which  extended  into  the  carbon  disulfide.  The 
freezing  point  obtained  was  — 112.0 ^  which  agrees  with  ,^c» 
that  given  by  Henning*  (—112.0'')  as  the  mean  of  17  I 
determinations  on  different  samples.  Mi 

This  thermometer  was  standardized  in  ice,  steam  and 
sulfur  vapor,  in  the  customary  way,  the  temperatures  be- 
ing calculated  by  the  Callendar  formula.  Below  —  40^ 
temperatures  calculated  by  this  formula  are  too  low,  and 
the  ralmlated  temperatures  were  corrected  to  the  hy- 
drogen scale,  u^ng  the  deviation  curve  found  by  Hen- 
ning.*  Since  the  platinum  used  in  this  thermometer  was 
of  the  same  high  purity  as  that  used  by  Henning,  the 
use  of  his  correction  curve  could  introduce  no  signifi- 
cant error,  especially  since  the  total  correction  at  the  low- 
est temperature  measured  (— 112^)  amotmts  to  only  0 .3  ^ 

Methyl  Alcohol. — Preliminary  drying  of  the  methyl  alcohol  was 
accomplished  by  distillation  from  lime,  but  the  last  traces  of  water  were 
removed  by  treatment  with  soditmi,  since  when  lime  was  used  for  the 
final  dehydration,  great  swelling  of  the  lime  occurred  and  loss  of  alcohol 
resulted.  Two  distillations  from  sodium  were  necessary  before  a  con- 
'  stant  composition  was  obtained  as  shown  by  the  constant  c.  s.  t.  of  the 
fractions  with  a  test  gasoline.  (See  Table  III). 
The  second  fraction  of  the  third  distillation  was  used  in  this  work.     Its 

'McKdvy  and  Taylor,  This  Journal,  42,  1364  (1920). 
*Bw.  €f  Standards  BttU.,  6,  154  (1909). 
Ann,  Physik..  40.  653  (1913). 


Fig.  4.— Freezing-point  ap- 
paratus. 
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density  (d  4*)  was  0.78658  and  its  freezing  point  -97.7°.  Timmer- 
mann's^®  value  for  the  melting  point  is  —97.1°  and  Young's^^  value 
for  d^  is  0.7915  and  for  d'4^  is  0.7825. 

Ethyl  Alcohol. — ^This  alcohol  was  originally  prepared  from  ivory 
nuts,  which  source  gives  a  product  especially  free  from  aldehydes.  It 
was  dehydrated  by  prolonged  refluxing  with  fine  freshly  calcined  lime. 
A  slow  stream  of  dry  air  was  passed  through  the  very  top  of  the  condenser 
and  the  condenser  water  was  kept  at  about  55°.  By  this  means  the 
alcohol  was  condensed,  but  aldehydes,  if  present,  passed  through  and 
were  swept  away.  Constancy  of  the  c.  s.  t.  as  shown  in  Table  IV  with 
a  test  kerosene  oil  was  the  criterion  of  constant  composition  of  the  frac- 
tions. 

TuBhn  III  Tablb  IV 

Final  Purh'ication  of  Mbthyl  Alcohoi.    Finai*  Purification  of  Mbthyi,  Alcohol 

Third  distiUation  C.  8.  t.  with  Fourth  distiUation        C.  s.  t.  with  teat 


from  sodium 

test  gasoline 

from  Jime 

oUNo.  5 

Fraction 

•c. 

Fraction 

•c. 

1- 

29.68 

1 

23.30 

2 

29.49 

2 

23.23 

3 

29.48 

3 

23.11 

4 

29.47 

4 

23.00 

5 

22.95 

6 

23.00 

Fraction  5  of  the  fourth  distillation  was  used  in  this  work.  Its  density 
(d  4^  )was  0.78506,  which  is  identical  with  the  value  previously  determined 
at  this  Bureau." 

General  Description  cff  Apparatus  and  Methods. 

Temperature  Baths. — For  ordinary  temperatures  a  water-bath  was 
used.  It  consisted  of  an  inverted  bell  jar  provided  with  an  efficient 
stirrer,  a  steam  heating-coil  and  a  cold  water  cooling-coil.  The  low- 
temperature  bath  consisted  of  a  500cc.  Dewar  cylinder  fitted  with  a  stirrer 
and  a  cooling  coil  into  which  liquid  air  could  be  siphoned  in  small  quan- 
tities. Petroleum  ether  was  used  for  the  contact  liquid  because  it  can 
be  cooled  to  —125°  before  it  freezes  or  becomes  cloudy.  In  using  this 
type  of  bath  every  possible  precaution  must  be  taken  to  avoid  introducing 
liquid  air  directly  into  the  bath  itself,  and  to  avoid  mixing  the  vapors  from 
the  bath  liquid  with  those  from  the  liquid  air,  especially  as  the  latter 
may  be  nearly  pure  oxygen.  Care  must  also  be  taken  to  eliminate  as* 
far  as  possible  any  means  such  as  sparks  from  motors,  frictional  elec- 
tricity, etc.,  which  might  ignite  the  vapors.    Neglect  of  these  precautions 

10  Timmennaim,  Proc,  Roy.  Sotk  Dublin  N,  5.,  13,  339  (1912). 
"  Young,  ibid,,  12,  374  (1910). 
»»Bttf.  Standards,  BuU..  9,  327  (1913). 
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may  cause  serious  trouble.  The  death  of  Mr.  McKelvy,^*  the  senior 
author,  resulted  from  an  explosion  while  working  with  a  bath  of  this 
type.    The  exact  cause  of  this  explosion  is  unknown. 

Temperature  Measurements. — ^Temperatures  in  the  water-bath  were 
measured  with  a  mercury  thermometer.  The  low  temperatures  were 
measured  with  a  single- junction  copper-constantan  thermocouple,  using 
a  potentiometer  of  the  White  type. 

The  wire  used  for  this  thermocouple  was  taken  from  a  stock  of  B.  and 
S.  gage  No.  36  wire  (0.127  mm.  diam.)  which  was  known  to  be  exceedingly 
homogeneous,  different  couples  made  from  this  stock  diJBfering  in  their 
indications  by  less  than  1  part  in  1000.  Two  10-junction  thermocou- 
ples made  from  this  wire  had  been  caUbrated  by  comparison  with  plati- 
num-resistance thermometers.  These  platinum  resistance  thermometers 
had  been  standardized  to  reproduce  the  scale  of  Henning's  hydrogen 
thermometer."  The  restdts  of  the  intercomparisons  with  the  platinum- 
resistance  thermometers,  and  a  separate  measurement  at  the  freezing 
point  of  mercury,  were  in  agreement  within  0.02^  with  those  given  by  the 
empirical  equation,  for  a  single  junction 

E  -  38.836t  +  0.04676/«-0.00004243f« 
where  E  is  e.  m.  f .  in  microvolts,  and  t  is  the  temperature  in  centigrade 
degrees,  the  cold  junction  of  the  couple  being  at  0® 

It  seems  probable  that  the  single  junction  couple  used  could,  by  means 
of  the  equation  given,  be  used  to  reproduce  the  scale  of  Henning's  hydro- 
gen thermometer  with  an  accuracy  of  a  few  hundredths  of  a  degree  down 
to  —40°,  and  to  within  0.1°  at  the  lowest  temperatures,  (—112°)  reached 
in  the  measurements  given  in  this  paper. 

Procedure. — All  determinations  were  made  with  the  mixtures  con- 
tained in  glass  bulbs  of  about  5  cc.  capacity  blown  at  the  end  of  a  short 
piece  of  tubing.  Preliminary  data  were  obtained  with  cork-stoppered 
bulbs,   the  liquids  being  measured  from  burets. 

Mixtures  for  the  final  measurement  were  made  by  a  diJBferent  method, 
using  bulbs  fastened  to  valves  by  glass-to-metal  joints.  The  alcohol 
and  carbon  disulfide  were  contained  in  long  graduated  bulbs  (burets) 
also  attached  to  the  line  by  metal  valves.  The  bulb  to  contain  the  mixture 
was  fastened  to  the  line  and  the  whole  system  evacuated.  By  immersing 
the  bulb  in  liquid  air  an/  desired  amount  of  either  liquid  was  distilled 
over.  With  the  valves  and  unions  used  the  bulb  could  be  detached, 
weighed  and  again  attached  repeatedly  without  change  in  weight,  as 
shown  by  McKelvy  and  Taylor.^  The  system  was  again  evacuated 
and  after  the  liquid  in  the  bulb  was  frozen  the  valves  were  opened  and 
the  desired  amount  of  the  other  component  distilled  over.    After  weigh- 

"  McKelvy,  /.  Ind,  Eng.  Chem,,  12,  ©4  (1920). 
MHenning,  Ann.  Physik,,  40,  635  (1913);    43,  282  (1914). 
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itig  the  bulb  the  mixture  was  again  frozen  in  liquid  air  and  the  tube  sealed 
as  dose  as  practicable  to  the  bulb.  It  is  to  be  noted  that  by  this  method, 
which  excluded  contact  with  air  and  moisture,  the  liquids  received  a  final 
distillation  not  long  before  the  c.  s.  t.  was  determined. 

The  temperature  of  complete  mutual  solubility,  or  the  unmixing  tem- 
perature, of  any  mixture  can  be  found  by  noting  either  the  temperature 
Temp. 
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•       Fig.  5. — Temperature  of  complete  mutual  misdbility  of  mix- 
tures of  carbon  disulfide  and  methyl  alcohol. 

at  which  the  cloudiness  of  the  mixture  disappears  when  shaken  in  a  bath 
whose  temperature  is  gradually  rising,  or  the  temperatiu"e  at  which  cloud- 
iness appears  when  the  temperature  of  the  bath  is  falling.  The  temper- 
ature of  the  bath  was  changed  so  slowly  that  the  bulb  was  considered 
to  be  at  the  same  temperature  as  the  bath.  In  the  systems  studied  the 
opalescence  is  so  great  that  it  obscures  the  clouding  point,  especially  by 
^he  first  method.    By  the  second  method,  when  the  bulb  is  shaken  with 
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a  swirling  motion  a  cloudy  wisp  appears  and  is  followed  immediately  by 
complete  cloudiness.  Trials  were  made  to  determine  the  clouding  point 
by  looking  through  the  bulb  at  a  scale  inunefsed  in  the  bath,  and  also 
looking  directly  at  a  light  suspended  behind  the  bath. 

The  procedure  finally  adopted  was  as  follows.  Having  found  approx- 
imately the  mutual  solubility  temperature  while  warming  the  bath,  the 
accmate  readings  were  made  when  the  temperature  was  falling  very 
slowly.    By  looking  directly  at  the  light  the  formation  of  the  cloudy  wisp 
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Fig.  6. — ^Temperatures  of  complete  mutual  misdbility   of 
mixtures  of  carbon  disulfide  and  ethyl  alcohol. 

could  be  observed,  even  through  the  troublesome  opalescence.  The 
temperature  at  which  the  wisp  appeared  was  considered  to  be  the  true 
unmixing  temperature  and  successive  determinations  on  the  same  mixttu^ 
were  constant  to  0.01®  or  0.02®.  The  determinations  on  different  mix- 
tures are  presented  in  Tables  V  and  VI  and  Figs.  5  and  6.  The  critical 
solution  temperature  and  composition  were  interpolated  from  these  data. 

Discussion  of  Results. 
Carbon  Disulfide  :  Methyl  AlcohoL— The  c.  s.  t.  of  this  system  is  35.7® 
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and  the  critical  concentration  is  approximately  85%  by  weight  of  carbon 
disulfide. 

The  temperature  at  which  soUd  methyl  alcohol  separates  from  the  alco< 
hol-rich  layer  is  —99.6°.  This  corresponds  to  temperature  Qi  of  Fig.  1; 
the  compositions  of  the  two  conjugate  solutions  Qi  and  c  were  not  deter- 
mined. The  unmixing  temperature  of  a  solution  containing  only  0.36% 
of  methyl  alcohol  is  —18.95°,  and  the  liquid  c  would  be  at  even  smaller 
methyl  alcohol  concentration;  the  binary  eutectic  Q%  would  contain  even 
less  alcohol.  More  complete  study  of  mixtures  rich  in  carbon  disulfide 
was  prevented  by  the  accidental  destruction  of  the  low-temperature  bath. 

Tablb  V 

TSMPERATURBS  OP  COMPLSTB   MUTUAI«  MiSCIBaiTY  OP  MlXTURSS  OP   CaRBON   Di- 

suLPms  AND  Methyl  Alcohol 


Unmixing 

Unmixing 

% 

temperature 

•c. 

cs, 

% 

temperature 

% 

temperature 

99.64 

-18.85 

88.43 

34.82 

61.03 

28.60 

98.47 

+  6.46 

84.73 

35.76 

60.53 

27.34 

96.27 

26.50 

83.89 

36.63 

49.93 

+13.80 

94.74 

28.00 

77.65 

36.30 

41.29 

-  4.43 

93.55 

30.58 

72.85 

34.09 

28.78 

-38.37 

93.40 

31.08 

70.13 

33.35 

18.70 

-73.60 

90.22 

33.80 

64.12 

30.70 

6.39 

Freezes 

-100.7* 
Carbon  Disulfide: Ethyl  Alcohol.— The  c.  s.  t.  of  this  system  is -24.4** 
and  the  critical  concentration  is  approximately  83%  by  weight  of  carbon 
disulfide.  The  temperature  at  which  all  mixtures  freeze  is  —111.7°. 
Since  the  freezing  point  of  carbon  disulfide  is  —112°,  the  solid  phase  is 
probably  this  substance,  and  the  eutectic  lies  on  the  ethyl  alcohol  side. 
In  this  system  carbon  disulfide  corresponds  to  component  A  and  ethyl 
alcohol  to  component  B.  The  composition  of  the  two  co-existing  liquid 
phases  at  the  quadruple  point  Qi  was  not  determined.  On  the  alcohol 
side  complete  study  of  the  curve  was  impossible  because  of  vitreous  solid- 
ification. 

Tabi^b  VI 

Tbmpbraturss  of  Complbtb  Mutuai*  MisciBn«iTY  OF  Mixtures  of  Carbon  Di- 

sui^FiDB  AND  Ethyl  Alcohoi. 


Unmixing 

Unmixing 

Unmixing 

CSi 

% 

temperature 

OS* 

% 

teinperature 

% 

temperattire 

99.09 

-108.04 

87.48 

-25.07 

61.23 

-35.17 

98.55 

-73.68 

82.71 

-24.31 

49.46 

-54.58 

96.78 

-43.71 

76.25 

-25.13 

38.75 

-79.26 

93.05 

-30.16 

70.39 

-26.88 

31.96 

-100.07 

89.57 

-25.76 

Applications  of  the  above  data  have  not  been  worked  out,     McKelvy^* 
"McKdvy,  Rcf.   12,  pp.  330-370. 
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has  confirmed  the  results  of  earlier  investigators  on  the  estimation  of  small 
amounts  of  water  in  ethyl  alcohol  by  its  effect  on  the  critical  solution 
temperature  of  a  test  kerosene.  The  effect  of  water  on  the  critical  solu- 
tion temperatures  of  methyl  alcohol-carbon  disulfide  and  of  ethyl  alcohol- 
carbon  disulfide  mixtures  could  be  similarly  applied  to  the  estimation  of 
water  in  methyl  or  ethyl  alcohol,  and  would  offer  the  advantage  of  making 
use  of  a  definite  compound  instead  of  an  indefinite  mixture  of  hydrocar- 
bons such  as  kerosene.  It  has  been  found  that  the  addition  of  1% 
of  water  raises  the  c.  s.  t.  about  10°.  As  early  as  1871, *•  the  possibility 
of  determining  the  purity  of  ethyl  alcohol  by  measuring  the  solubility  of 
carbon  disulfide  in  it  at  a  fixed  temperature  {e.  g.,  17°)  was  pointed  out, 
and  suitable  equations  were  derived.  This  method  is  not,  however,  as 
sensitive  as  the  meastu^ment  of  the  c.  s.  t.  By  using  the  proper  com- 
ponents the  c.  s.  t.  method  can  be  used  for  testing  products  in  many 
processes.  In  fact,  Orton  and  Jones^'  have  reported  on  c.  s.  t.  as  a  criter- 
ion of  purity  of  organic  liquids  of  industrial  importance. 

Summary. 

Earlier  work  on  the  critical  solution  temperature  of  carbon  disulfide 
with  methyl  and  ethyl  alcohol  is  reviewed.  Methods  of  purification  of 
these  substances  are  given,  and  a  freezing-point  apparatus  is  described. 

A  detailed  description  is  given  of  the  method  used  in  preparing  the 
mixtures  for  critical  solution  temperature  measurement. 

The  values  obtained  are  as  follows. 

Crit.  sol.  temp.  Crit.  concentration 
*^C  %CS, 

Carbon  disulfide  :  methyl  alcohol  35 . 7  85 

Carbon  disulfide  :  ethyl  alcohol  -  24 . 4  83 

Some  applications  of  the  critical  solution  temperature  are  suggested. 

Washington,  D.  C. 


"  Tuchschmidt  and  FoUenius,  Ber.,  4»  583  (1871). 
"  Orton  and  Jones,  /.  Chem.  Soc.,  115,  1194  (1919). 
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[Contribution  frobc  ths  Chemical  Laboratory  of  ths  Univsrsitt  of  Caufornia.] 

EQUILIBRnTM  IN  THE  REACTION  BETWEEN  SULFUR  DIOXIDE 

AND  WATER. 

By  F.  Russmx  Bichowsky. 

Received  November  1,  1921. 

As  far  back  as  1775,  Priestley  discovered  that  sulfur  dioxide  heated 
with  water  in  a  sealed  tube  decomposes,  giving  sulfur  and  sulfuric  acid 
according  to  the  reaction,* 

2H,0a)  +3SO,(g)  =S(X|.)  +2H,S04(aq).  (1) 

This  reaction  which  is  stilt  but  little  known  is  reversible,  the  reverse 
reaction  being  the  basis  of  a  familiar  method  of  preparing  sulfur  dioxide. 
Since  measurements  of  the  equilibrium  constant  for  this  reaction  would, 
when  combined  with  existing  data,  give  material  for  the  calculation  of 
the  free  energy  of  formation  of  aqueous  sulfuric  acid,  and  since,  taken 
in  connection  with  the  projected  measurements  of  Randall  of  the  free 
energy  of  the  reactions  2Hg(l)  +2H,S04(aq)  =  Hg,S04(s) +S02(g) +2H,0(1) 
and  H2(g)+Hg2S04(s)  =  2Hg(l)+HjS04(aq)  they  would  give  a  valuable 
check  on  the  value  for  the  free  energy  of  formation  of  sulfur  dioxide, 
it  was  decided  to  investigate  the  equilibrium  in  this  reaction  quantitatively. 

Preliminary  experiments  showed  that  in  veiy  dilute  sulfuric  acid  the 
reverse  reaction 

S(X|.)+2H,S04(aq)  =3SO,(g)+2H,Oa),  (la) 

is  complicated  by  the  side  reaction* 

4S(X|.)  +4H,0(1)  «3H,S+H,S04.  (2) 

This  reaction  takes  place  quantitatively  when  sulfur  is  treated  with  a  large 
excess  of  water  in  a  fused  silica  tube.  Thus  0.1603  g.  of  sulfur  heated 
with  18.0  g.  of  water  in  a  fused  silica  tube  for  60  days  to  approximately 
260**  gave  0.1220  g,  of  sulfuric  acid  (HjSO*)  (calc.  0.1226  g.),  and  0.1250 
g.  of  hydrogen  sulfide  (calc.  0.1278  g.).  A  trace  of  sulfur  dioxide  was 
present.  This  reaction  is  reversible;  20  cc.  of  6  A/"  sulfuric  acid  was  heated 
with  0.1022  g.  of  hydrogen  sulfide  for  10  days  at  250'';  0.112  g.  of  sulfur 
was  foimd  (calc.  0.1282  g.)  and  0.095  g.  of  sulfur  dioxide  showing  that 
reaction  la  had  to  a  small  extent  taken  place  simultaneously  with  Re- 
action 2. 

In  order  to  prevent  side  Reaction  2  it  was  decided  to  use  fairly  con- 
centrated acid  and  as  high  temperatures  as  practicable.  Sulfur  in  excess 
was  therefore  heated  in  small  silica  tubes  of  known  volumes,  with  a  known 

'  Ordinary  molten  sulfur  is,  as  is  well  known,  a  mixture  of  Sx  (soluble  sulfur)  and 
S|i  (insoluble  stdfur),  and  perhaps  other  species.  By  S(X|i)  is  meant  the  equilibrium 
mixture  of  Sx  and  S,|.     Cf.  Kruyt,  Z.  physik.  Chem,,  64,  513  (1908). 

'  For  preliminary  investigations  on  this  reaction  and  other  reactions  of  sulfur,  see 
Lewis,  Randall  and  Bichowsky,  This  Journai.,  40,  356  (1918). 
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amount  (*/»  the  volume  of  the  tube)  of  stdftiric  acid  of  the  strength  de- 
aned.  At  the  temperature  used  (312**)  even  Pyrex  glass  is  rapidly  at- 
tacked by  sulfuric  add,  wherefore  the  use  of  silica  tubes.  At  this  temper- 
ature, moreover,  the  total  pressure  in  the  tube  is  in  the  neighborhood  of 
150  atmospheres.  The  tube  had  therefore  to  be  protected  from  bursting 
by  being  enclosed  in  a  steel  bomb  partially  filled  with  water,  in  order  to 
counterbalance  the  pressing  inside  and  outside  the  small  silica  tubes. 
At  the  end  of  12  days  (other  experiments  showed  that  equilibrium  was 
not  reached  in  3  days  but  was  in  7)  the  bomb  was  cooled  and  opened 
and  the  sulfur  dioxide  content  of  the  silica  tubes  determined  by  breaking 
them  under  standard  iodine  solution  and  titrating  back  with  thiosulfate. 
The  results  are  given  in  Table  I;  Col.  1  gives  the  weight  concentration  of 
the  add  used  (mols.  per  1000  g.  of  solution),  Col.  2  the  amount  of  acid 
(solution)  in  g.  introduced  into  the  tube,  Col.  3  the  volume  of  the  tube 
in  cc..  Col.  4  the  amount  of  iodine  used,  in  mols.  It  is  possible,  assuming 
that  the  only  reaction  taking  place  in  the  tube  was  la,  by  a  laborious 
calculation,  the  details  of  which  will  not  be  given,  to  determine  the  total 
pressure  of  sulfur  dioxide  (Col.  5)  present  at  equilibrium,  and  also  the 
concentration  of  sulfuric  add  and  water  at  equilibrium.  Froi^  these 
data,  using  the  methods  of  the  latter  part  of  this  paper,  the  equilibrium 
constants  for  the  reaction  2H2SO4(A/'=0.101)+S(X|,)=3SO2(g)+2H2O 
were  calculated  and  are  given  in  Col.  6. 

•  Tabia  I 

Prbi^donart  Egun^iBRiuM  Constants 


HiSO« 

wt. 

Vol. 

Is 

^SO, 

X^XIO 

M 

G. 

Cc. 

u 

(Atm.) 

1.006 

3.018 

0.00198 

48.6 

6.6 

2.120 

1.040 
0.873 

3.443 
2.944 

0.00206 
0.00172 

41.1 
40.7 

2.3 

2.1 

0.952 

3.229 

0.00191      ' 

40.6 

1.7 

0.836 

3.339 

0.000663 

13.0 

4.9 

0.806 

3.643 

0.000660 

11.4 

3.9 

0.874 

3.604 

0.000631 

12.0 

2.9 

0.947 

1.238 

3.383 

0.000264 

7.2 

11.2 

0.995 

3.139 

0.000248 

6.3 

14.6 

1.179 

4.383 

0.000392 

6.4 

28.0 

,0.926 

3.277 

0.000244 

6.5 

9.9 

This  constant  varies  greatly  and  does  not  agree  with  that  found  by  our 
later  method  using  more  concentrated  acid.  Therefore  it  may  be  con- 
cluded that  for  acids  of  this  strength  Reaction  2  cannot  be  neglected, 
although  experiments  showed  it  possible,  imder  proper  conditions,  to  cool 
our  tubes  rapidly  enough  so  that  both  hydrogen  sulfide  and  sulfiu-  dioxide 
could  be  detected.  It  was  felt  that  the  danger  of  the  reaction  2H2S+SO2- 
=2HsO+3S  taking  place  at  appreciable  amoimt  diuing  cooling  was  too 
great  to  warrant  further  experiments  with  acids  of  these  concentrations. 
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covered  by  the  coolmg  jacket  being  deeply  threaded  to  provide  extra  cooling  surface. 
Just  below  the  part  of  the  bomb  which  was  in  the  furnace  were  cut  two  deep  V-shaped 
grooves  Bd.  These,  by  reducing  the  thickness  of  the  metal  in  this,  the  sharpest  part 
of  the  temperature  gradient,  greatly  reduced  the  heat  leak  without  much  decreasing 
the  strength  of  the  tube.  The  small  tube  Bn  was  simi^y  screwed  down  in  shellac  on  a 
seat  Bo.  This  joint  was  permanent  and  so  does  not  require  the  more  elaborate  devices 
which  were  necessary  for  the  constantly  re-opened  joint  Dd.  In  this  joint  the  cone  Bp 
which  is  brazed  on  the  end  of  the  tube  Bn,  is  made  with  a  taper  about  5  degrees  less 
than  the  seat  De,  so  that  when  forced  home  by  screwing  up  the  vanadium-steel  nipple 
Dd  the  tip  of  Bp  is  sprung  against  the  seat  in  such  a  way  that  any  liquid  pressure 
in  the  tube  tends  to  seat  Bp  still  more  tightly.  Such  joints,  when  properly  constructed, 
can  be  made  and  remade  time  after  time  without  the  slightest  leak.  The  unions  at  Db 
and  Dc  are  similar.  The  pump  used  in  the  apparatus  was  simply  an  <Ad  screw-plunger 
pump  with  a  special  sliding  (rather  than  turning)  steel  and  leather  plunger  packing. 
This  pump  was  seated  on  an  aluminum*  washer  protected  by  shellac.  To  make  un- 
necessary the  very  special  precautions  that  are  needed  to  hold  a  sliding  contact  against 
mercury  a  thin  lasrer  of  heavy  oil  was  placed  on  top  of  the  mercury,  '^th  this  pre- 
caution this  simple  pump  showed  no  leak  at  200  atmospheres.  The  tube  Dc  was  also 
filled  with  oil  to  protect  any  brass  in  the  gage  from  the  mercury. 

With  such  an  apparatus  as  this  with  which  the  heat  leak  is  so  very  large, 
the  problem  of  designing  a  thermostat,  keeping  the  upper  end  of  the  bomb 
at  300^  while  the  lower  end  is  kept  cold,  is  no  light  one.  The  thermostat 
must  have  large  heating  capacity,  the  minimum  of  temperature  lag,  and 
the  greatest  possible  heat  conductivity,  the  heat  leak  being  mostly  at 
one  point  where  the  bomb  enters  the  thermostat. 

To  meet  these  requirements  the  thermostat  was  made  of  a  heavy  casting  of  alumi- 
num Ca  in  which  had  been  cast  the  steel  bulb  Cg  and  stem  Ch  of  the  temperature 
regulator.  The  heating  was  done  with  two  coils  of  Nichrome  wire  wound  on  a  thin 
coating  of  an  insulating  cement  and  protected  with  the  same  material.  In  order  to 
counterbalance  in  son^e  degree  the  temperature  gradient  down  the  bomb  an  auxiliary 
heating  coil  Bm  was  wound  in  cement  on  the  upper  portion  of  the  bomb  itself.  This 
auxiliary  coil  fitted  tightly  in  the  space  Cd  of  the  furnace.  The  temperature  of  the 
furnace  was  read  by  two  thermometers  Cc  and  Cb  which  fitted  closely  into  two  holes 
bored  for  that  ptui)ose  into  the  aluminum  casting.  The  whole  furnace  was  insulated 
by  25  mm.  of  asbestos-magnesia  mixture  Cf  placed  between  the  tin  jacket  Cm  and  the 
casting.  As  such  a  thermostat  constuned  a  total  of  about  3  kilowatts  at  the  higher 
temperatures,  almost  Vt  of  which  must  pass  through  the  regulating  coil,  the  design 
of  the  make-and-break  for  the  relay  is  a  matter  of  some  interest.  The  wipe  contact, 
long-armed  relay  set  shortly  to  be  described  by  Randall,  meets  this  demand  nicely. 
However,  to  make  this  instrument  work,  enough  current  must  be  sent  through  the  mer- 
cury make-and-break  to  cause  it  to  arc  badly.  Moreover,  mercury  in  an  iron  regulator 
at  this  temperature  seems  to  become  foul  rapidly  even  with  no  sparking.  To  avoid 
these  difficulties  it  was  decided  to  keep  an  atmosphere  of  hydrogen  over  the  mercury. 
For  this  reason  the  small  automatic  electrol3rtic  hydrogen  generator,  shown  at  Ek, 
connected  in  parallel  with  the  spark,  was  made  continuous  with  the  other  glass  parts 
of  the  regulator.  It  is  advisable,  though  not  necessary,  to  have  a  small  plug  of  glass 
wool  at  Ef  to  prevent  spray  and  to  have  the  connections  of  the  2  arms  of  the  U-tube 
somewhat  constricted  to  prevent  sudden  giu-gitation.  With  this  apparatus  the  usual 
platinum  wire  at  Be  can  be  replaced  by  Nichrome.  A  rubber  stopper  at  Eg  makes  a 
satisfactory  seal.    Fine  regulation  can  be  made  by  sliding  the  wire  in  the  stopper,  and 
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oouse  by  withdrawing  or  adding  mercury  through  Kb.  Phosphoric  add  will  be  found 
the  best  dectroljrte  for  this  miniature  hydrogen  generator  as  for  most  others.  It  does 
not  stick  to  the  walls  and  form  short  circuits  as  potassium  hydroxide  is  apt  to  do,  nor 
does  it  give  off  sulfur  dioxide  at  the  electrode  as  sulfuric  acid  may  do,  nor  does  its  vapor 
react  with  mercury  as  hydrochloric  add  does.  With  such  an  apparatus,  a  mercury 
contact  wiU  keep  dean  indefinitely  even  with  heavy  sparking. 

It  is  of  course  important  that  an  apparatus  of  this  sort  be  filled  very  care- 
fully and  that  no  air  or  moisture  be  trapped  in  it.  For  these  reasons  it 
was  found  desirable  to  fill  the  apparatus  in  a  vacuum.  To  do  this  the 
reaction  tube  A  was  removed  from  the  bomb  and  connected  through  a 
2-way  stopcock  to  the  vacuum  line  and  to  an  evacuated  vessel  containing 
boiled-out  sulfuric  acid  of  the  strength  desired.  After  thoroughly  evacu- 
ating the  quartz  apparatus,  a  process  which  could  be  accelerated  by  heating, 
enough  sulfuric  acid  was  introduced  to  fill  the  apparatus  completely,  and 
the  tube  then  removed  from  the  pump.  The  apparatus  was  then  inverted 
and  mercury  poured  in  to  fill  Ah.  The  mercury  could  not  nm  into  the 
other  parts  of  the  tube  because  of  the 
trap  Af .  The  quartz  tube  was  then 
carefully  dried  on  the  outside  and 
placed  in  the  bomb,  which  was  then 
tightly  sealed,  evacuated,  and  filled 
with  mercury.  The  joint  Dd  was 
then  quic^y  made  but  not  com-  ^ 
pletely  screwed  up,  and  the  bomb 
placed  in  the  proper  inclined  position. 
The  joints  were  then  all  tightened  and 
pressure  applied  from  E  to  test  for 
leaks.  The  furnace  was  then  put  in 
place  and  rapid  heating  begtm,  the 
lower  end  of  the  apparatus,  of  course, 
being  cooled  with  running  water.  After  the  apparatus  had  reached  the 
required  temperature,  pressure-volume  isotherms  were  made;  that  is  to 
say,  the  volmne  of  the  apparatus  was  changed  by  means  of  the  calibrated 
pump  and  the  pressure  read  corresponding  to  the  various  volumes.  If 
heating  had  been  done  so  rapidly  that  but  little  sulfur  dioxide  had  time 
to  form,  the  isotherm  obtained  was  the  regular  P-V  isotherm  for  sulfuric 
add  (Fig.  3),  the  portion  of  the  curve  from  C  to  A  representing  the  vapor 
pressure  of  the  add  at  various  volumes  of  the  system,  the  portion  from 
B  to  C  representing,  when  corrected  for,  a  compressibility  of  the  mercury 
and  cold  sulfuric  add  and  for  the  dilation  of  the  instrument,  the  change  of 
pressure  of  the  hot  liquid  sulfuric  acid  for  a  given  change  of  volume.  The 
slight  slope  of  the  portion  of  the  curve  C  to  A,  i,  e.,  the  slight  variation 
of  the  vapor  pressiue  with  the  total  volume  of  the  system  is  due  to  the 
evaporation  of  the  water  into  the  varying  gas  space  above  the  stdfimc 
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acid,  changing  the  concentration  of  the  acid.  Ideally  BC  and  AC  should 
join  at  a  sharp  angle  if  no  sulfur  dioxide  had  time  to  form  or  if  no  gas  was 
trapped  in  the  system  due  to  faulty  filling.  In  this  case  the  pressure 
corresponding  to  the  point  C  would  be  the  vapor  pressure  of  the  sulfuric 
acid  in  contact  with  zero  gas  space,  and  hence  of  the  concentration  initially 
introduced.  Practically  there  was  always  a  slight  curvature  at  C,  but  its 
position  could  be  approximated  by  extrapolating  the  straight  parts  of  BC 
and  AC  until  they  crossed. 

Having  thus  obtained  the  preliminary  isotherm,  the  pressiu*e  was  set  a 
little  above  the  probable  vapor  pressure  (Point  D,  Fig.  3)  of  the  acid  and 
the  reaction  allowed  to  proceed.  Equilibrium  was  usually  reached  in  a 
couple  of  days  (for  temperatures  about  300^),  pressure  going  up  to  say  E. 
The  voliune  of  the  apparatus  was  then  changed  the  pressing  increasing 
to  say  F  (Fig.  3).  Now  without  changing  the  volume  the  heating  was 
continued  and  we  would  find,  the  pressiu*e  F  being  above  equilibrium, 
that  the  pressure  would  fall  to  E'.  Thus  equilibrium  could  be  approached 
from  both  sides;  moreover,  since  the  point  E'  could  be  so  chosen  as  to 
lie  as  nearly  as  desired  to  the  curve  CB,  equilibrium  could  be  obtained 
with  but  zero  gas  space.  Thus  no  appreciable  change  of  concentration 
of  the  acid  was  possible.  Moreover,  it  will  be  noted  that  in  the  cases 
,where  the  mol.  fraction  of  sulfur  dioxide  is  '/j  that  of  water,  the  composition 
of  the  acid  (as  is  approximately  the  case  in  Expts.  6,  7  and  8)  is  inde- 
pendent of  the  gas  space,  no  matter  how  large  that  may  be. 

By  means  of  this  procedure  it  was  possible  to  obtain  measurements 
approaching  equilibrium  from  both  sides,  which  would  check,  except  at 
the  highest  pressures,  to  within  one  atmosphere. 

Table  II  gives  the  results  of  some  preliminary  experiments  in  which  the 
vapor  pressiu-e  of  sulfuric  acid  of  several  strengths  was  determined  either 
in  the  absence  of  sulfur,  or  in  the  presence  of  sulfur  before  the  sulfur  dioxide 
had  time  to  be  formed.  In  this  table  the  first  column  gives  the  number  of  the 
experiment,  the  second  the  mol  fraction  Nu^soa  oi  sulfuric  acid,  the  third 
the  absolute  temperature,  and  the  fourth  the  pressure,  />'2(HjO)  in  atmos- 
pheres.* The  measurements  with  pure  water  were  made  to  test  the  method 
and  the  results  agree  closely  with  those  obtained  by  other  observers. 
As  the  temperatiu-e  approaches  the  critical  temperature  of  water  the 
difficulty  of  determining  the  vapor  pressure  becomes  greater  owing  to  the 
diflSculty  of  finding  a  flat  portion  of  the  pressure- volume  isotherm,  but  if 
care  be  taken  to  eliminate  all  foreign  gas  these  difficulties  are  reduced  to  a 
minimum.  In  Expt.  1  sulfur  was  present  and  only  one  point  was  deter- 
mined before  sulfur  dioxide  began  to  form;  Expts.  2,  3  and  4  were  made 
in  the  absence  of  sulfur;  Expts.  5  and  6  with  sulfur  present,  according  to 
the  method  outlined. 

*  The  gas  phase  is  essentially  pure  water  vapor. 
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Tabi^  II 

Vapor  Pressurbs 

OF 

Sulfuric  Acid 

Expt. 

Nh^o* 

T 

*'f 

IS 

0.160 

540 

30 

2 

0.101 

588 

84 

3 

0.101 

543 

45 

4 

0.101 

496 

19.5 

5 

0.101 

593 

95 

6 

0.101 

563 

58 

7 

0.0 

498 

25.5 

8 

0.0 

563 

72 

9 

0.0 

612 

141 

The  results  for  the  equilibrium  measurements  are  given  in  Table  III. 
The  first  column  gives  the  absolute  temperature  T;  the  second  the  mol. 
fraction  of  the  sulfuric  acid;  the  third  the  total  pressure  Pe  of  water  vapor, 
sulfur  vapor  and  sulfur  dioxide;  the  fourth  the  pressure  of  water  vapor 
from  sulfuric  acid  of  the  strength  given,  in  the  absence  of  sulfur  dioxide.* 


Tablb  III 

EgurUIBRIUH  MnASURJSMSNTS 

Col.  1 

2 

3 

4 

5 

6 

7 

8 

^abs. 

^HiS04 

Pe 

PUtO 

l0g/H,0 

><>g«H,S04 

l0g«H.S04 

Pe 

1 

613 

0.041 

185 

138 

2.05 

-3.04 

-3.25 

2.06 

2 

585 

0.041 

114 

96 

1.89 

-2.98 

-3.06 

1.90 

3 

561 

0.101 

90 

59 

1.71 

-1.34 

-1.42 

1.71 

4 

598 

0.101 

197 

98 

1.92 

-1.55 

-1.79 

1.94 

5 

588 

0.101 

166 

85 

1.86 

-1.50 

-1.69 

1.88 

6 

537 

0.160 

84 

28 

1.41 

-0.54 

-0.63 

1.42 

7 

572.5 

0.160 

185 

49 

1.65 

-0.85 

-1.07 

1.68 

8 

562 

0.160 

150 

42 

1.58 

-0.76 

-0.92 

1.60 

9 

527 

0.363 

190 



.... 

Col.  9 

10 

11 

12 

13 

14 

15 

JVso. 

Pe 
Vso, 

o 

log/so. 

lo«^ 

log  Kp 

I 

1 

2.13 

(0.13) 

(196) 

2.14 

(1.26) 

(13.6) 

(125.5) 

2 

1.94 

(0.10) 

(336) 

2.03 

(1.02) 

(12.2) 

(126.8) 

3 

1.84 

0.25 

410 

1.87 

1.27 

10.11 

124.5 

4 

2.08 

0.27 

172 

2.15 

1.58 

'     12.21 

124.0 

5 

2.03 

0.29 

202 

2.09 

1.55 

11.68 

124.3 

6 

1.78 

0.57 

414 

'1.84 

1.59 

8.87 

126.7 

7 

1.97 

0.49 

166 

2.11 

1.80 

10.89 

124.4 

8 
9 

1.93 

0.52 

205 

2.04 

1.76 

10.32 

125.1 

Mean 

124.5 

*  The  experimental  part  of  this  paper  was  completed  in  Jmie  1916,  while  working 
under  the  direction  of  G.  N.  Lewis,  to  whom  the  author  wishes  to  express  his  gratitude. 
Preliminary  calculations  of  the  equilibrium  constant  were  made  by  Dr.  Levris  and 
the  author  at  that  time.  The  present  calculations  are  a  complete  revision  of  these 
earlier  ones. 
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Before  proceeding  to  an  explanation  of  the  remaining  columns  in  Table 
III,  we  must  point  out  the  extraordinary  difficulties  attending  the  cal- 
culation of  the  equilibrium  constant.  If  measurements  could  have  been 
carried  on  at  low  pressures  and  temperatures,  and  if  sulfuric  acid  were  a 
perfect  solution  the  equilibrium  constant  for  the  reaction  S+2HjS04  = 
2H2O+3SO2  would  be  of  course  simply 

^  [H,0]'[SO,]» 
{H,SO«)« 

where  the  quantities  in  brackets  are  pressures  and  (HjSOO  is  the  mol 
fraction  of  H2SO4,  [H2O]  the  vapor  pressure  of  water  over  sulfuric  acid 
of  the  strength  used  {i,  e.,  the  measured  vapor  pressure  of  sulfuric  acid), 
and  [SO2]  the  difference  between  the  vapor  pressure  of  the  sulfuric  acid 
and  the  total  measiu^d  equilibrium  pressure.  However,  in  our  actual 
case  the  gases  and  solution  are  so  imperfect  that  more  elaborate  methods 
are  necessary. 

The  Calculation  of  the  Fugacity  of  Water. — The  equation  for  the 
equilibrium  constant  written  above  is,  however,  still  exact  if  instead  of 
using  the  presstires  and  concentrations  of  the  substances  involved  we  use 
their  fugacities  and  activities.  Now  the  pressure  P  of  any  gas  is  related 
to  the  fugacity  /  at  any  temperature  and  pressure  by  the  equation 

P     [^ 
RTlny^X      iv'-v)dp.  (1) 

Jo 

where  v'  is  the  molal  volume  of  a  perfect  gas,  v  that  of  the  actual  gas,  and* 
the  integral  from  zero  pressure  to  the  pressure  in  question  gives  the  area 
between  the  isotherm  of  a  perfect  gas  and  that  of  the  actual  gas^  for  the 
temperature  and  pressure  used. 

For  water  vapor  the  compressibility  has  been  accurately  determined 
at  various  temperatures  and  pressures,  and  the  results  are  represented 
with  fair  accuracy  by  the  equation  of  state  given  by  Linde,^  which  for 
one  mol  becomes  in  terms  of  atmospheres,  liters  and  absolute  temperatures, 

(29050000  \ 
— 0.0948].  (2) 

Combining  (1)  and  (2),  and  integrating,  we  find 

KT  In  J  =/>(! +0.0103)  /??2^  .  o.948  \  (3) 

This  equation  allows  us  to  calculate  from  the  measured  pressure  of  water 
over  the  sulfuric  acid,  at  any  temperatiu-e,  the  fugacity  of  the  water  at 
that  temperature  and  pressure. 

•  Lewis,  Proc.  Am,  Acad.,  37, 49  (1901);  Z.  pkysik.  Chem.,  38,  205  (1901). 

'  Linde,  'Ver.  deui.  Ing.  Forschungsarb.,  Berlin,  21,  33  (1905);  Z.  Ver.  deut.Ing.,4^^ 
1745  (1905). 


Digitized  by  LjOOQ IC 


A  RBACnON  BETWEEN  SULFUR  DIOXIDE  AND  WATER.  125 

Now  the  dose  agreement  between  the  measurements  on  the  vapor  pres- 
sure of  the  acid  made  in  the  presence  of  sulfur  and  sulfur  dioxide  (Table  II) 
and  those  made  in  the  absence  of  sulfur  and  sulfur  dioxide  justifies  us  in 
assuming  that  sulfur  and  sulfur  dioxide  are  not  sufficiently  soluble  in  otu- 
add  at  the  temperatures  and  pressures  used  to  afifect  the  activity  of  the 
water  in  the  solution.  Therefore  we  may  assume  that  the  values  for  the 
fugadty  of  water  calculated  from  the  vapor  pressure  of  the  water  over  the 
sulfuric  add  will  be  the  same  (excepting  for  a  small  correction  due  to  the 
compression  of  the  aqueous  acid  by  the  excess  pressure  of  sulfur  dioxide) 
whether  sulfur  dioxide  is  present  or  absent.  Hence  in  order  to  calculate 
the  fugadty  of  water  in  our  mixture  all  that  is  needed  is  the  vapor  pressure 
of  the  add  at  our  concentration  and  temperatures.  For  these  vapor 
pressures  we  have,  in  the  first  place,  our  measurements  (Table  II)  and, 
secondly,  at  lower  temperatures,  i.  e.,  184.5**  and  218**,  unpublished  values* 
of  the  vapor  pressure  of  sulfuric  acid  of  various  strengths,  due  to  Randall 
and  James,  and  at  still  lower  temperatures  the  measurements  of  Burt,^ 
Briggs,**  Tammann,"  Sord,"  Regnault,^'  Bronsted,^*  and  Dieterici.^* 
Using  these  values,  a  plot  was  made  giving  the  best  values  of  the  logarithm 
of  the  vapor  pressure  against  the  reciprocal  of  the  absolute  temperature 
for  various  concentrations  of  add.  The  values  PhiO  for  oiu-  concentrations 
and  temperatures  read  oflf  this  plot  are  given  in  Col.  4  of  Table  III.  Log 
/hiOi  calculated  from  Equation  3  is  given  in  Col.  5.^* 

There  is,  however,  another  method  of  obtaining  the  fugadty  of  the  water 
over  the  sulfuric  add  at  our  temperatures.  The  fugadty  change  is  con- 
nected by  means  of  the  equation 

AF=Rr/n-2.  (4) 

fA 

with  the  free  energy  change  of  a  process  which  consists  of  taking  a  mol.  of 

•  These  values  are:  r»184.4*;  iV=0.1609,  />=5,72.  JV-0.2101.  p^SM,  iV=0.2796. 
^=2.25  for  r=218.0»;  iV»0.1609,  />  =  12.01.  JV=0.2101, />= 7.85.  i\r= 0.2795. /^  =  4.87, 
iV^s" 0.300,  ^=4.20  (pressures  in  atmos..  concentrations  in  mol.  fractions).    Quoted  by 


•  Burt,  /.  Chem,  Soc„  85,  1339  (1904). 

w  Briggs,  /.  Sac,  Chem,  Ind.,  22,  1375  (1903). 

"Tammann.  M£m.  Acad.  Pdtersbourg  [7]  35,  (1885).  quoted  from  Landolt- 
Bdmstein-Roth  "TabeUen,"  1912,  p.  427. 

"  Sord,  Z.  angew.  Chem.,  2,  272  (1889). 

»  Regnault,  Ann.  chim,  phys.,  [3]  15, 179  (1845). 

>*  Brdnsted,  Z.  phyHk.  Chem.,  68,  708  (1909-10). 

»  Dieterid,  Wied.  Ann.,  42,  613  (1891);  50,  47  (1893);  62,  616  (1897). 

M  Due  to  an  accident  in  the  last  of  the  experiments  with  sulfuric  acid  of  mol.  fraction 
0.363  the  vapor  pressure  of  water  was  not  obtained  and  there  seems  to  be  no  way  of 
estimating  this  pressure  with  any  degree  of  certainty.  No  measurements  were  made 
on  the  vapor  pressure  of  the  most  dilute  acid,  but  here  interpolation  from  the  results 
at  higher  concentration  can  be  used  with  some  confidence. 
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any  substance  from  the  state  A  to  the  state  B.  Our  process  is  the  reaction 
H20(g)  =  H20(in  H2SO4),  which  is  more  conveniently  treated  as  the  sum 
of  the  processes  (a)  H20(g)  =  H20(l),  and  (6)  H20(l)  =  H20(in  H2SO4). 
The  free  energy  change  in  Reaction  a  may  be  calculated  from  data  given 
by  Lewis  and  Randall  from  the  equation 

AF=  -13269-9.2ir  In  r-0.00097r»-|-0.00000037r»H-90.20r.»7 
The  free  energy  change  in  Process  b,  i.  e.,  the  partial  free  energy  of  solution 
of  water  in  various  strengths  of  sulfiu-ic  acid,  may  be  calculated  at  25° 
from  the  vapor  pressure  of  the  acid  at  that  concentration  and  temperature, 
where,  assuming  that  water  vapor  at  these  low  pressiu-es  (le3s  than  25  mm.) 
is  a  perfect  gas,  we  may  substitute  pressures  in  place  of  f ugacities,  in  Equa- 
tion 4,  and  obtain  the  equation 

AF=Rr/«|5!2L, 

^HjO  being  the  measured  vapor  pressure  of  water  over  sulfimc  acid,  and 
^^HfO  the  vapor  pressure  of  pure  water,  i.  e,,  23.8  mm.  The  best  values  for 
the  vapor  pressure  of  water  over  sulfuric  acid  at  25°  are  those  of  Bronsted** 
and  of  Regnault.^'  These  agree  well  enough  except  at  our  highest  con- 
centration, where  unfortunately  neither  value  is  consistent  with  the  value 
obtained  by  indirect  methods  from  freezing-point  determinations,  and 
where  apparently  there  is  no  way  of  estimating  Ai298.  The  values  for  Ap 
for  Process  b  for  our  other  concentrations  are  given  in  Col.  2,  Table  IV. 
Col.  1  of  this  table  gives  the  corresponding  concentration  of  the  acid 
expressed  in  mol  fractions  of  sulfuric  acid. 


TablB  IV 

Free  Energy  Changes 

N 
0 

^"•0 

^-0 

AT 
0 

S 

X 

0 

0.0411 

-  71 

-     27 

-0.32 

-f  66 

-2.28 

0.101 

-296 

-  282 

-fO.68 

-479 

-1-4.49 

0.160 

-616 

-  686 

-0.68 

-489 

-4.30 

0.363 

-2570 

-6.37 

In  order  to  obtain  Afh,o  at  other  temperatures  we  must  know  AHHtO> 
the  partial  molal  heat  of  solution  of  water  in  sulfuric  acid  of  our  concen- 
trations, and  the  change  of  that  quantity  with  the  temperature.  Riimelin^' 
has  measured  Ahh,o  directly  at  17°,  and  the  same  quantity  may  be  cal- 
culated from  data  on  the  integral  heat  of  solution  of  water  given  by  Bron- 
sted.**  The  values  of  AH290  obtained  by  drawing  the  best  smooth  curve 
through  these  values  are  given  in  Table  IV,  Col.  3.  The  values  for  c^h,o 
(the  partial  molal  heat  capacity  of  water  in  solutions  of  sulfuric  add) 

1^  Lewis  and  Randall,  This  Journai«,  36,  1980  (1914).  We  have  arbitrarily  taken 
the  heat  capacity  of  water  as  18.01  at  all  temperatures.     This  value  cancels  out. 

"  ROmelin,  Z,  physik.  Chem.,  58,  449  (1907). 

"  Brdnsted,  Ref.  14,  Table  12.     Recalculation  is  necessary. 


Digitized  by  VjOOQ IC 


A  RBACnON  BETWEEN  SUI^FUR  DIOXIDE  AND  WATER. 


127 


are  calculated,  using  the  method  of  intercepts,*®  from  the  measurements 
of  Biron*^  on  the  specific  heat  of  sulfuric  acid  ;  water  mixtiu-es.  The 
values  obtained  for  ArHK)»  again  assuming  that  C^  for  pure  water  is  18.01 
are  given  in  Col.  4,  Table  IV.  Values  of  Aho  and  I  obtained  by  the  usual 
methods,  assuming  Ar^o  constant,  are  given  in  Cols.  5  and  6,  respectively, 
of  this  table.  The  values  of  Ah©,  Arao  and  I  for  the  reaction  H20(g)  = 
HiO(in  H2SO4)  are  simply  the  sum  of  the  Aho's,  I's,  etc.,  for  Equations 
a  and  fc.  We  may  therefore  calculate  the  fugacity  of  the  water  for  the 
various  concentrations  and  temperatures  used  in  these  experiments. 
The  values  calculated  are  consistent  both  with  the  data  of  Randall  and 
James  and  our  own  data,  and  within  the  limit  of  error,  t.  e,,  1%  of  those 
directly  estimated  in  Table  III. 

These  fugacities  are,  however,  still  subject  to  a  slight  correction  due  to 
the  fact  that  the  dissolved  water  is  not  under  its  own  vapor  pressure, 
but  under  the  total  pressiu-e  Pe-  The  effect  of  pressure  on  fugacity  is  given 
by  the  equation 


\bP  Jt     kT' 


(7) 


where  v,  the  partial  mokd  volume  of  water  dissolved  in  sulfuric  acid,  may 
be  calculated  at  25°,  using  the  method  of  intercepts,  from  the  very  accurate 
data  on  the  density  of  sulfuric  acid  solutions  given  by  Domke  and  Bein.*^ 

For  the  temperatures  of  these  experiments  v  may  be  approximated  by 
assuming  that  at  all  temperatiu*es  the  ratio  of  v  to  the  density  of  pure 
water  is  constant.  The  values  of  fugacity  of  water  so  corrected  are  given 
in  Col.  8,  Table  III. 

Activity  of  Stdfuric  Acid. — ^The  standard  state  for  sulftuic  acid  will 
be  taken  as  hypothetical  molal,  i.  e.,  the  state  in  which  02/2^2=  1.**  Lewis 
and  Randall*'  have  given  a  table  of  the  activity  coefficients  for  sulfuric 
acid  extending  to  a  concentration  of  20  molal  (iV=0.26).  Unfortunately 
no  way  seem6  available  for  extending  this  table  to  iV= 0.363.  The  values 
for  Af,  for  the  reaction  H2S04(Af)  =  H2S04(actual),  calculated  from  the 


Table 

V 

N 

AP<»8 

Ls«o 

AHt9o 

Cpi98 

AP 

Ho 

I 

0 

—    00 

-20600 

0 

10.21 

0 

0.0411 

-  982 

-16370 

+  4230 

27.65 

17.25 

-  770 

97.6 

0.101 

+1995 

-12930 

+  7670 

14.71 

4.31 

+6420 

9.72 

0.160 

+4330 

-10500 

+10100 

22.45 

12.06 

+6605 

60.96 

0.363 

-  4600 

+16000 

38.63 

28.22 

+7820 

»  Lewis  and  RandaU,  Tms  Journai,,  43,  237  (1921). 

"  Binm,  /.  Russ,  Phys,  Chem.  Soc,  31,  190  (100).     Data  reproduced,  Domke  and 
Bern,  Z,  anorg,  Chem.,  43,  143  (1905). 
«  Rcf.  20,  p.  244. 
*<  Lewis  and  Randall,  This  Journal,  43,  1128  (1921). 
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equation  A^^SrT  In  (jm  4*^'),  are  given  for  our  concentrations  (Col.  1) 
and  for  the  temperature  7=298  (Col.  2)  in  Table  V. 

The  values  of  £2«o=h--h**  (Col.  3,  Table  V)  have  been  recalculated  from 
data  given  by  Bronsted,  jthe  value  for  infinitely  dilute  sulfiunc  add  (iV= O) 
being  estimated  by  extrapolation.  The  values  for  c^(h,so4)  (Co^-  4,  Table 
V)  are  calculated  from  the  same  data  used  for  c^hiO-  By  special  treat- 
ment of  the  data  for  dilute  solutions,  c^  for  infinitely  dilute  solutions 
was  fotmd  to  be  10.21.  The  values  of  Ah29o>  AF,  Hq  and  I  are  calculated 
in  a  manner  entirely  analogous  to  that  used  for  water,  and  the  results  are 
given  in  Table  V,  Cols.  6,  7  and  8,  respectively.  In  order  to  calculate 
^  at  the  temperatiu*es  of  our  experiments,  we  have  to  make  some  assump- 
tion as  to  the  change  of  Af  with  the  temperature.  We  have  no  data  on 
this  point.  However,  the  fact  that  the  fugadty  of  water,  calculated 
in  an  analogous  manner,  assuming  AFhiO  constant,  gave  values  so  near  the 
experiment  justifies  us  in  assuming  AFhssoi  constant.  On  these  assump- 
tions, substituting  in  the  appropriate  values  of  the  constants  from  Table  V, 
we  have  calculated  the  activity  of  sulfuric  acid  at  the  temperatiu*e  of  our 
experiments.  The  values  of  otHisOi  are  given  in  Table  III,  Col.  6.  These 
values,  like  those  for  the  fugadty  of  water,  must  be  corrected  for  the  eflfect 
of  the  excess  pressure,  in  this  case  the  total  pressure  P.  Corrected  values 
are  given  in  Table  III,  Col.  7.  It  will  be  noted  that  in  one  case  the  activity 
of  sulfuric  add  changes  0.12%  per  atmosphere  added  pressure. 

Fugadty  of  Sulfur  Dioxide. — It  now  remains  to  calctdate  the  fugadty 
of  the  stdfur  dioxide.  If  sulfur  dioxide  and  water  vapor  were  both  perfect 
gases  it  would  suffice  to  subtract  from  the  measured  equilibrium  pressure 
the  corrected  pressing  for  water,  plus  the  vapor  pressure  of  sulfur  (negligible 
in  all  experiments),  the  remainder  being  the  partial  pressing  of  sulfur 
dioxide.  However,  neither  stdfur  dioxide  gas  nor  water  vapor  is  a  perfect 
gas  at  our  temperatures  and  pressures.  Thus  in  one  case  the  vapor 
pressure  of  water  is  98.0  atmospheres  and  its  fugacity  (the  thermod}mam- 
ically  equivalent  perfect  gas  pressure)  is  83  atmospheres,  while  in  the  case 
of  stdfur  dioxide  the  assumption  of  the  perfect  gas  laws  would  give  99 
atmospheres,  while  the  value  we  are  about  to  calculate  is  38  atmospheres. 
Other  methods  are  therefore  necessary.  Unfortunately  veiy  little  is 
known  about  the  equation  of  state  of  mixed  gases.  However,  Lewis 
and  Randall  have  assumed,  with  considerably  plausibility,**  that  just  as 
mixtiu^s  of  liquids,  where  the  molecules  are  far  apart  and  where  there  are 
no  polar  forces,  are  likdy  to  form  perfect  solutions,  the  activity  of  each 
constituent  being  proportional  to  its  mol  fraction,  so  gas  mixttu-es  in 
which  the  molecules  are  many  times  further  removed,  and  where  polar 
forces  are  still  less,  are  still  more  likdy  to  form  perfect  solutions.  If  this 
»*  Unpublished    Treatise    on    Thennodynamics. 
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is  the  case  we  may  apply  the  equation  for  a  perfect  solution,**  i.  e., 

f^foN.  (8) 

where  /©  is  the  f ugadty  of  the  pure  substance  at  the  temperature  and  total 
pressure  of- the  mixture,  N  the  mol  fraction,  and/  the  desired  fugacity  of 
the  desired  constituent  in  the  mixture.  In  applying  this  equation  to  our 
case,  we  may  first  consider  the  water.  Here  we  have  Equation  3  already 
used  connecting  fugacity  and  pressiu*e.  To  find  /©  therefore  we  merely 
have  to  solve  for  /  in  this  equation  at  the  total  equilibrium  pressure  P^, 
Of  course  actually  pure  water  vapor  could  not  remain  a  vapor  at  certain 
of  the  temperatures  and  total  pressures  used.  Thus  in  Case  7  pure  water 
has  a  vapor  pressure  of  only  84.0  atmospheres ;  at  pressures  above  this  water 
would  condense  into  a  liquid,  the  fugacity  remaining  essentially  constant. 
But  just  as  in  certain  liquid  mixttu-es  in  which  the  law  of  perfect  solutions 
holds  we  are  compelled  to  treat  them  as  if  they  were  mixtures,  one  of  the 
components  of  which  is  a  supercooled  liquid,  so  here  we  may  treat  our 
water  vapor  as  a  supercooled  gas,  and,  applying  our  equation,  find  the 
values  of  /®HiO  given  in  Table  III,  Col.  9.  It  is  perhaps  worthy  of  note  that 
in  Case  7  the  f  ugadty /®hiO  is  only  93.4  atmospheres,  while  the  total  pressure 
is  185.0  atmospheres.  Having  foimd/°H»o  we  may  divide  through  by  the 
values  of  /°hiO  corrected  for  pressiu^  and  obtain  iV^HiO*  the  mol  fraction  of 
HjO.  The  mol  fraction  of  SO2,  given  in  Col.  10,  Table  III,  is  obviously 
l—'^'^HiO*  (The  small  vapor  pressure  of  sulfur  may  be  neglected.)  Now 
knowing  the  mol  fraction  of  sulfur  dioxide  we  may  find  the  actual  fugacity 
of  sulfur  dioxide  by  reversing  oiu-  procedure  for  water.  Unfortunately, 
however,  we  have  no  experimental  information  about  the  equation  of  state 
for  sulfur  dioxide  extending  to  our  pressures  and  temperatures.**  We 
may  however  assume  that  at  corresponding  states  it  is  the  same  as  that  of 
carbon  dioxide.  For  the  temperature  and  pressiu^  interval  corresponding 
to  those  in  which  we  are  interested  the  equation  of  van  der  Waals,  i.  e., 
(p— a/v*)  (v— b)=Rr,  holds  satisfactorily  for  carbon  dioxide  if  we  use 
the  values  of  a  and  b  calculated  from  critical  data.  We  may  therefore 
assume  the  same  equation  for  sulfur  dioxide,  using  as  values  of  the  con- 
stants a  and  b  those  calculated  from  the  critical  constants  in  the  usual 
manner.  We  shall  take  as  the  critical  pressure  of  sulfur  dioxide  77.65 
atmospheres,  and  as  the  critical  temperature  430.24°  K.  Using  these 
values,  a  and  b  are  found  to  be  for  one  mol  of  gas,  6,775,000  and  56.9,  re- 
spectively. It  may  be  shown  that  for  a  gas  which  obeys  van  der  Waals' 
equation  the  fugacity  is  given  by  the  equation. 


1     /      1        R^     _L       1     /    h  2a    \ 


(9) 


»  Lewis,  Proc.  Am.  Acad.,  43,  265  (1907). 

•The  data  by  Roth,  Wied,  Ann.,  11,  1  (1880),  extend  only  to  r=456.3. 
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For  our  temperatures  and  total  pressures  P^,  v  may  be  found  by  solving 
van  der  Waals'  equation.  The  values  found  are  given  in  Table  III, 
Col.  11.  Substituting  these  values  of  v  in  Equation  9  gives  /^sot*  These 
values  are  given  in  Table  III,  Col.  12.  These  values  multiplied  by  the 
mol  fraction  give  the  actual  fugacity, /soj  (Table  III,  Col.  13)  of  the  sulfur 
dioxide.  Finally  the  equilibrium  constant  for  the  reaction  S(Xn)  + 
2H2S04(M)=3S02(g)+H20(g)  is  given  by  the  equation  log  Kp-=-S  log 
/soj+2  log/HK)"-2  log  aH,so4»  the  values  of  log  Kp  so  calculated  being 
given  in  Table  III,  Col.  14. 

Heat  of  Reaction. — In  order  to  calculate  the  equilibrium  constant 
at  25°  we  must  know  the  heat  of  the  reaction  as  well  as  the  specific  heats 
of  the  constituents.  Apparently  the  best  values  for  the  heat  of  formation 
of  sulfur  dioxide  gas  are  those  of  Berthelot.^^  Excluding  the  third  series, 
the  mean  of  his  values  is  69,390,28  ^t  18°. 

The  direct  values  for  the  heat  of  solution  of  sulfin  dioxide  gas  are  not 
concordant.  Thomsen^*  measured  the  heat  SOjCI)  =  SOjCaq) ;  N = 0.00320 ; 
iV  =  0.00205  and  found  AH2w  =  1444;  1564.  Taking  AH291  =  5370  for  the 
reaction  S02(l)=S02(g),^®  we  find  for  the  heat  of  the  reaction  SOtig)^ 
S02(aq);  A/^= 00205;  AH  =  6935  cal.  This  is  in  close  agreement  with  the 
corresponding  values  for  AH  calculated  from  data'^  on  the  vapor  pressure 
of  sulfurous  acid  solutions  at  various  temperatures  and  concentrations. 
We  shall  take  AH  =  6950  for  the  concentration  used  by  Thomsen  in  the 
experiments  about  to  be  mentioned.  The  heat  of  the  reaction  CUCaq)  + 
S02(aq)+2H20  =  H2S04(aq)+2HCl(aq)  has  been  measured  by  Thomsen" 
for  H2SO4  of  the  mol  fractions  0.000286,  0.000507,  0.000536.  The  values 
for  AH  given  are  -74320,  -73780,  -73620,  respectively.  Correcting 
to  infinite  dilution,  these  become  —75120,  —75200,  —75090,  respectively; 
average,  —75140.  The  best  value  for  AH291  for  the  reaction  Cl2(g)  + 
H2(g)=2HCl(aq);  N  =  0  is  -78400."  The  best  value  for  the  heat  of 
formation  of  H20(l)  at  18°  is  68330.^^  The  best  value  for  the  heat  of 
vaporization  of  water  at  18°  is  AH  =+10525."  AH291  for  the  reaction 
Sr  =  Sx  will  be  taken  as  +350." 

"  Berthelot,  Ann.  chim.,   [5J  22,  428  (1881). 

**  For  a  discussion  of  this  value  see  Ferguson,  This  Journal,  40,  1626  (1918). 

«» Thomsen,  "Thermochemische  Untersuchungen,**  Leipzig,  1882,  vol.  II,  p.  250. 

«»Mathias,  CompL  rend.,  106,  1149  (1888). 

"  Linder.  Monatsh.,  33,  645  (1912).  Calculated  AH  for  the  concentrations  of 
0.000534;  0.00234;  0.01212;  0.03750  g.  SO2  per  cc.  are  9130;  7700;  6970;6680,  respectively. 
The  value  directly  measured  by  Thomsen, »  t.  e.,  AH  =7700  cc.  for  1  mol.  of  SOj  to 
250  mols.  of  HjO,  is  apparently  in  error  due  to  some  analytical  trouble.  Berthelot's 
{Ann,  chim.,  [VI]  1, 74  (1884))  value,  AHi85=8.34  for  SOj  (g)  *=SOf  (aq) ;  13.3  g.  per  Uter 
is  somewhat  less  in  error  due  to  the  same  reason.  Berthelot's  values  for  heat  of  dilution 
of  aqueous  sulfurous  acid  (84  g.  per  liter)  with  5  volumes  of  water,  namely  AH»6  280, 
is,  however,  consistent  with  that  calculated  from  Linder. 

»«Ref.   17,  p.   1977. 
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Therefore  for  the  reaction  Sx+2H2S04(aq)=3SC)2(g)+2HaO(g)  AH2w  = 
+95450.  The  heat  capacity  of  the  various  substances  involved  will  be 
taken  as  C^(Sx) =5.4+0.05T;"  Q(H2S04,  M)  =  10.2;»*  C^CSOj  g)  =7.0+ 
0.007ir-0.000001867^;"  C^CHjO  g)  =8.81-0.00197  +  0.00000222r*.»« 
Prom  these  data  AT  may  be  calculated  as  AF  =  12.80  +  0.01257  - 
0.000001147*;  AF  for  any  temperature  is  therefore  given  by  the  equation 

AF  =  +91205-  l2.Sr  In  r-0.00625r»+0.00000019r»+ir.  (10) 

This  is  for  the  reaction  Sx+2H2S04(Af)=3S02(g)+2H20(g).  The 
reaction  actually  measured  differs  from  this  in  that  S(X|4)  was  used  instead 
of  Sx.  Lewis  and  Randall^'  have  given  a  table  for  AF  for  the  reaction  Sx  = 
Sx  at  various  temperatures  which  allows  us  to  correct  our  measured 
v-alues  of  AF  in  order  to  use  equation  10.  Having  AF  at  oiu*  temperatures 
we  may  calculate  I,  the  values  determined  being  given  in  Table  III,  Col.  15. 
Using  the  mean  of  these  values,  we  may  calculate  AF  for  298^  for  the  re- 
action Sx+2H2S04(M)  =3S02(g)+2H20(l),  the  value  found  being  +31500. 

It  is  difficult  to  say  how  much  this  value  ma^  be  in  error.  The  most 
serious  source  of  error  seems  to  be  the  uncertainty  in  the  heat  of  formation 
of  sulfuric  acid  and  sulfur  dioxide.  These  values  may  readily  be  in  error 
by  *2000  cal.  The  next  most  serious  source  is  the  arbitrary  assumption 
that  AT  for  sulfuric  acid  is  constant  over  the  temperature  range  employed. 
This  asstmiption  is  probably  not  correct  but  it  would  be  even  more  arbi- 
trary to  make  any  other  in  the  absence  of  further  data.  The  error  intro- 
duced here  may  be  as  much  as  =*=  1000  cal.  The  experimental  errors  which 
are  likely  are  the  effect  on  the  f ugacity  of  the  sulfuric  acid  and  water  of  the 
solubility  of  sulfiu*  dioxide,  which  we  have  neglected,  and  an  effect  on  the 
concentration  of  the  sulfuric  acid  due  to  the  same  cause.  Errors  due  to 
uncertainty  of  temperatiu-e  and  pressure  readings  and  due  to  thermo- 
dynamic data  and  methods  employed  other  than  those  mentioned  above, 
are  almost  certainly  not  over  500  cal.  -The  two  measurements  made  with 
add  of  the  mol  fraction  0.041  are  subject  to  another  source  of  error,  namely, 
the  side  reaction  2H20(g)+3S(XM)=S02(g)+2H2S(g).  The  amount  of 
correction  due  to  this  soiu*ce  can  be  calculated,  and  the  bracket  values 
iu  Table  III  have  been  corrected  by  this  amoimt,  assuming  best  values 
for  AF  for  sulfur  dioxide  and  hydrogen  sulfide.  This  correction  should 
be  negligible  at  the  higher  concentrations.  Excepting  this  correction, 
the  probable  sources  of  error  are  such  that  the  above  value  for  AF  is  too 
low  if  anything. 

Summary. 
The  reactions  of  liquid  sulfur  with  aqueous  sulfuric  acid  have  been  studied 
"Uwis  an4  RandaU,  This  Journai.,  33,  476  (1911). 
»*Tabk  V. 

*  Lewis  and  Randall,  This  Journal,  36, 1133  (1912). 
••Rcf.   35.    p.    1132. 
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over  a  wide  range  of  conditions.  At  low  concentrations  of  sulfuric  acid 
two  reactions  take  place  simultaneously,  namely,  (l)S(YJ)+2HtS04(aq)  = 
2H20(l)+3S02(g)  and  (2)4S(x^)+4H,0(l)=3H,S(g)+H,S04(aq).  These 
reactions  are  both  reversible.  In  the  acids  of  higher  mol  fraction  than  0.05, 
and  at  temperatures  up  to  the  critical  point  of  water,  Reaction  2  becomes 
negligible.  Equilibrium  pressures  for  Reaction  1  have  been  measured 
for  acids  of  mol  fraction  ranging  from  0.041  to  0.363,  and  at  temperatures 
ranging  from  527  **A  to  613  **A,  using  a  new  type  of  apparatus.  The  vapor 
pressures  of  various  concentrations  of  sulfuric  acid  have  been  measured 
with  the  same  apparatus.  Using  these  and  other  existent  data,  the  free 
energy  for  the  reaction  S(x)+2H2S04(M)=2H20(g)+3SQi(g)  has  been 
calculated  to  be  +31500  cal.  at  25**  and  standard  conditions.  From 
these  and  other  data  the  free  energy  of  both  aqueous  sulfuric  acid  and  sulfur 
dioxide  may  be  calculated. 

A  new  type  of  apparatus  for  meastuing  equilibrium  or  vapor  pressures 
of  corrosive  liquids  .up  to  high  pressures  and  temperatures  has  been  de- 
scribed. 

BzBjcmjSY,  Caupornia. 


QUANTITATIVE  ANALYSIS  BY  CENTRIFUGE. 

By  Ou>p  Arrhbnius. 

Received  Noyember  4,  1021. 

Chemical  investigators  in  the  domains  of  biology,  medicine  and  soil 
analysis  have  ever  sought  for  rapid  methods  of  experiment  and  analysis. 
In  these  sciences  experimental  deviations  are  so  great  that  one  must 
greatly  increase  the  number  of  samples  for  anal3rsis  in  order  to  get  reliable 
results.^  Speed  rather  than  great  precision  is  needed  in  such  cases;  one 
needs  methods  less  precise  than  those  which  he  would  employ  where  the 
conditions  more  constant.  Accordingly  we  have  in  text-books  many 
rapid  methods;  for  example,   the  colorimetric,   the  nephelometric,   etc. 

Ciunously  enough  very  little  use  is  made,  in  such  rough  quantitative 
researches,  of  direct  readings  of  the  volume  of  the  precipitate,  although 
this  is  a  very  common  method  in  the  so-called  mechanical  analysis  of 
soils.  This  method  attains  its  greatest  accuracy  when  the  columns  of 
precipitate  are  compressed  by  means  of  centrifugal  force.  In  the  dairy 
and  in  clinical  technique  the  centrifuge  has  been  much  used,  but  it  is 
rarely  used  for  quantitative  work  in  the  inorganic  laboratory.  Never- 
theless, the  centrifugal  method  can  be  used  with  considerable  accuracy. 
For  example  Hedin*  succeeded  in  determining  very  satisfactorily  the 
^  For  example  Waynicke  points  out  that  from  an  area  as  small  as  half  an  acre, 
one  must  collect  over  80  samples  for  analysis,  in  order  to  get  a  mo<}erately  accurate 
result.     (Univ.  Cal.  Publ.  Agr.  Set.,  3,  1918.) 

*Hedin,    Skand.  Arch.  f.  Physiol.,    5,    (1896). 
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osmotic  pressure  of  different  solutions  by  means  of  plasmolyzing  blood 
corpuscles  and  then  reading  off  the  compressed  columns  in  capillaiy  stems. 
The  attempts  which  have  been  made  to  use  the  centrifugal  method  for 
more  usual  analytical  purposes  have  never  been  crowned  with  great  suc- 
cess, probably  because  of  an  arbitrarily  chosen  time  for  centrifuging  and 
because  the  tubes  employed  have  not  been  suitable  for  the  purpose.  The 
first  experimenter  who  really  succeeded  in  using  this  method  for  quanti- 
tative work  was  Hambtu-ger'  who  determined  potassium  as  chloroplatinate. 
Since  then,  apparently  no  successful  attempts  to  follow  up  this  method 
for  other  purposes  have  been  made,  at  least  none  have  been  found  in  the 
literature,  until  some  years  ago,  however,  the  author  succeeded  in  adapting 
Bttlmann's  method^  for  potassium  determinations  in  this  manner. 

The  present  paper  shows  that  the  centrifugal  method  may  also  be  used 
for  determining  calcium  and  magnesium,  and  phosphoric,  sulfuric  and 
nitric  adds.  Satisfactory  results  in  all  these  cases  have  been  obtained, 
as  will  be  seen.  Possibly  the  method  could  also  be  used  for  other  pre- 
cipitates heavier  than  water.  The  details  of  procedure  are  as  follows. 
The  precipitate  obtained  in  the  usual  way  is  shaken  with  the  mother  solu- 
tion and  then  transferred  to  tubes  2.5  cm.  in  diameter  at  the  top  and 
provided  with  a  steep  funnel  below  leading  to  a  capillary  tube  about  4 
cm.  long  (and  for  compact  precipitates  only  1  mm.  in  bore).*  The  pre- 
cipitate is  allowed  to  settle  and  by  means  of  gentle  shaking  is,  for  the  most 
part,  caused  to  settle  in  the  capillary  stem.  Many  of  these  tubes  are 
then  centrifuged  together  tmtil  the  precipitate  in  each  has  attained  a 
constant  height  (which  is  usually  the  case  in  less  than  half  an  hotu*). 
The  column  is  read  with  a  mirror  scale  in  order  to  avoid  parallax  in  read- 
ing. These  columns  are  reduced  to  the  weight  standard  by  comparison 
with  a  precipitate  similarly  obtained  from  a  known  weight  of  the  substance 
similarly  treated. 

The  following  tables  give  results  with  different  salts.  In  every 
table  the  first  line  shows  the  amotmt  of  the  ion  added  expressed  in  milli- 
grams. In  the  second  line  is  given,  for  each  case,  the  relative  coltunn 
height,  and  in  the  third  line,  that  calculated  under  the  assumption  of 
direct  proportionality.  The  reading  limit  mentioned  at  the  right  indi- 
cates the  smallest  amount  of  precipitate  one  is  able  to  observe,  assuming 
ability  to  read  to  within  0.1  mm.  The  agreement  between  the  calculated 
and  observed  values  is  obviously  very  dose.  The  results  with  nitric 
add  are  especially  interesting.  The  predpitate  obtained  with  Busch's* 
nitron  is  bulky  and  flocculent;  wide  tubes  had  to  be  used  and  the  usual 

»  Hamburger,  see  Ch.  W.  Purdy,  "Practical  Urine  Analysis/*  1895. 

*  Biflmatin,  Medd,  vOenskopsakad,  NobelinsL,  1920. 

*  The  tubes  were  calibrated  by  weighing  with  mercury. 

*  Busch,  Ber,,  38,  861  (1905). 
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preparation  tubes  were  taken.  Nevertheless,  in  spite  of  the  rather  rough 
instruments,  the  results  are  exceedingly  good.  Of  course  one  must  make 
sure  in  all  cases  that  the  tubes  compared  have  identical  diameters. 

SULPATB 

H2SO4  precipitated  with  BaCU  Reading  limit 

S04,mg.         15        7.6    3.75     1.65    0.98    0.33  0.04 

Vol.obs.         14.8    7.4    3.8      1.7      1.0      0.3 
Vol.calc.         15        7.5    3.8      1.7      1.0      0.3 

NiTRATB 

HNOj  precipitated  with  nitron 

NO,,mg.  8        4        4  2.64    2  1.3      1.2  0.8  0.4    0.03 

Vol.obs.         10        6        5  3  2.5      1.5      1.5  1  0.7 

Vol.calc.         10        5        5  3.2      2.5      1.6      1.5  1  0.5 

CAIyCIUM 

Ca(0H)2  acidified  and  precipitated  as  oxalate 
Ca,mg.  1.36  0.68    0.27    0.27    0.14    0.07  0.0045 

Vol.obs.         16.0  8.0      3.2      3.2      1.6      0.8 

Vol.calc.         16.0  8.0      3.2      3.2      1.7      0.8 

Orthophosphatb 
NasHPOi  precipitated  with  ammonium  molybdate 
P04,mg.  0.23  0.12  0.6      0.3      0.15  0.006 

Vol.obs.         21.7  11.0    5.5      2.6      1.2 

Vol.calc.        22.0  11.0    5.5      2.7      1.3 

Magnesium 
MgClj  precipitated  with  NaNH4HP04 
Mg,mg.  3.85  2.31     1.54    0.38    0.19    0.09  0.007 

Vol.obs.         20.5  11.9      8.0      1.8      0.9      0.6 

Vol.calc.        20.0  12.0      8.0      2.0      1.0      0.5 

A  more  complete  study  of  this  problem,  involving  a  larger  number 
of  precipitates,  shoidd  be  of  great  advantage  for  analytical  chemistry, 
for  the  method  is  both  time-saving  and  simple. 

The  experiments  have  been  carried  out  in  the  Wolcott  Gibbs  Memorial 
Laboratory  at  Harvard  University  and  for  his  great  kindness  and  good 
suggestions,  I  take  this  opportunity  to  express  my  warmest  and  heartiest 
thanks  to  the  director.  Professor  Theodore  W.  Richards. 
Cambridge  38,  Massachusetts. 
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TITRATIONS  IN  ETHYL  ALCOHOL  AS  SOLVENT. 

By  Edna  R.  Bishop,  Esthbr  B.  Kittredge^  and  Joel  H.  Hildebrand. 

Received  November  8,  1021. 

The  use  of  alcohol  as  a  solvent  in  acid-base  titrations  may  be  advan- 
tageous for  two  reasons.  The  first  is  its  solvent  power  for  certain  sub- 
stances, such  as  the  fatty  acids,  which  are  not  soluble  in  water.  The 
second  is  the  somewhat  greater  sharpness  of  the  end-points  obtainable.^ 
This  is  due  to  the  fact  that  the  dissociation  of  alcohol  is  much  less  than 
that  of  water'  so  that  there  is  a  greater  range  of  hydrogen-ion  concentra- 
tion between  an  acid  and  an  alkaline  solution.  For  the  same  reason  the 
degree  of  alcoholysis  of  salts  of  weak  acids  and  bases  is  less  than  the  degree 
of  hydrolysis,  so  that  the  change  in  hydrogen-ion  concentration  through 
the  end-point  is  more  rapid  in  alcohol  than  in  water.  The  alkalies  in  the 
alcohol  system  are  the  ethylates,  so  that  the  neutralization  of  a  weak  acid  by 
sodium  ethylate  would  be  represented  in  the  ionic  form  by  the  equation, 
HA-hCsH60-=A-+CjH50H.  While  the  dissociation  of  the  acid,  HA, 
is  doubtless  smaller  in  alcohol  than  in  water,  the  dissociation  of  the  alcohol 
is  so  much  less  than  that  of  water  as  to  account  for  the  small  degree  of  al- 
coholysis just  mentioned.  The  alcoholysis  of  the  salt  is,  of  course,  repre- 
sented by  the  reverse  equation. 

For  the  titration  of  weak  acids  and  bases  it  is  necessary  to  select  an 
indicator  which  changes  color  at  the  hydrogen-ion  concentration  existing 
at  the  true  end-point,  when  the  acid  and  base  are  present  in  equivalent 
quantities.*  The  purpose  of  this  investigation  has  been  to  prepare  an 
indicator  scale  for  alcoholic  solutions  similar  to  those  in  common  use  for 
aqueous  solutions.^ 

Apparatus  and  Procedure. — ^The  hydrogen-ion  concentration  was 
measured  by  means  of  a  hydrogen  electrode*  against  a  standard  mercurous 
bromide  electrode.  The  hydrogen  electrode,  instead  of  being  of  the  foil 
type  previously  described  by  one  of  us,  was  a  gauze  cylinder  similar  to 
that  originally  used  by  Cottrell  in  this  laboratory.'' 

*  The  preliminary  work  of  this  investigation  was  described  in  1919  in  the  Master's 
Thesb  by  Esther  B.  Kittredge.  The  major  portion  of  the  data  herein  presented  is 
taken  from  the  Master's  Thesis  by  Edna  R.  Bishop,  1921. 

« Folin  and  Flanders,  This  Journal.  34,  774  (1912). 

*An  accurate  determination  of  this  constant  is  being  made  in  this  laboratory, 
and  will  shortly  be  published. 

*  ffildebrand,  Tras  Journal.  35,  847  (1913). 

•  E.  z.,  Sahn,  Z.  physik.  Chem.,  57,  471  (1907). 

•  The  hydrogen  electrode  has  been  used  previously,  in  alcoholic  solutions  by  Hard- 
man  and  Lapworth,  /.  Chem.  Soc,  99,  2242  (1911);  101,  2249  (1912);  to  determine 
the  transport  number  of  HCl  and  the  effect  of  water  upon  it. 

'Schmidt  and  Finger,  /.  Phys.  Chem.,  12,  406  (1908). 
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The  standard  electrode  was  made  as  described  by  Lewis,  Brighton  and 
Sebastian'  substituting  as  electrode  materials  mercury,  mercurous  bromide 
and  sodium  bromide,  0.1  iV  in  alcohol.  Sodium  bromide  was  substituted 
for  the  usual  potassium  chloride  in  order  to  get  a  more  concentrated  and 
hence  better  conducting  electrolyte.  The  mercury  used  had  been  washed 
with  nitric  add  and  distilled.  The  mercurous  bromide  was  precipitated 
from  c.  p.  sodium  bromide  and  merctu-ous  nitrate  in  the  presence  of  mercury. 
It  was  then  thoroughly  washed  with  alcohol  and  0.1  iV  sodium  bromide  in 
alcohol.  The  sodium  bromide  electrodes  were  reproducible  within  the 
limits  of  accuracy  of  the  galvanometer. 

The  titrations  were  performed  in  a  cell  consisting  of  a  beaker  provided 
with  a  tight  stopper  through  which  were  thrust  the  hydrogen  electrode, 
the  tip  of  the  buret,  an  exit  tube  for  hydrogen  provided  with  a  mercury 
seal,  and  the  tube  connecting  with  the  standard  electrode.  The  tempera- 
ture was  controlled  to  25*1**  by  means  of  a  hand-regulated  thermostat. 
The  rest  of  the  apparatus  was  set  up  as  described  in  previous  papers  from 
this  laboratory. 

The  electromotive  force  of  such  a  combination  at  26**  is  given  approx- 
imately by  the  familiar  equation 

E=Eo— 0.059  log  c 

where  c  is  the  hydrogen-ion  concentration  and  Eo  the  electromotive  force 
of  the  mercurous  bromide  electrode  against  a  normal  hydrogen  electrode. 
The  value  of  Eo  has  not  yet  been  determined  so  that  values  will  be  given  in 
terms  of  electromotive  force  instead  of  hydrogen-ion  concentration. 

If  to  an  acid  solution  in  the  cell,  sodium  ethylate  solution  be  added 
from  the  buret,  and  the  e.m.f.  plotted  against  the  cubic  centimeters  of 
sodium  ethylate  added,  a  ciu^e  will  be  obtained  in  which  the  point  of 
inflection  represents  the  end-point  of  the  titration.  The  shape  of  the 
curve  will  depend  on  the  strength  of  the  acid  used. 

The  proper  indicator  for  a  given  titration  is  one  which  changes  color 
near  the  point  of  inflection  of  the  e.m.f.  curve.  However,  in  order  to 
determine  where  a  given  indicator  changes  color,  an  acid-base  curve 
should  be  selected  which  is  as  flat  as  possible  in  the  region  of  the  color 
change,  so  that  the  e.m.f.  may  easily  be  controlled  within  narrow  limits. 
It  is  necessary,  therefore,  to  find  acids  and  bases  of  various  strengths  so 
that  the  entire  range  from  acid  to  base  may  be  covered  by  flat  portions  of 
curves. 

Materials  Used. — ^It  was  fotind  necessary  to  use  chemicals  free  from  oxidizing 
agents,  in  order  that  there  should  be  no  other  reaction  taking  place  at  the  electrode 
and  that  the  e.m.f .  obtained  should  be  a  true  measure  of  the  hydrogen-ion  concentration. 
The  alcohol  was  ptuified  by  distilling  from  cone,  sulfuric  acid  (10-15  cc.  of  add  per  liter 
of  alcohol)  to  remove  the  amines  and  most  of  the  water,  distilling  from  silver  nitrate 

'Lewis,  Brighton  and  Sebastian,  Tms  Journal,  39,  2245  (1917). 
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(5  g.  per  liter)  and  a  small  amount  of  potassium  hydroxide  to  remove  the  aldehydes 
and  similar  axidizmg  bodies,  and  finally  removing  the  last  trace  of  water  by  shaking 
with  calcium  oxide  for  2  days  and  distilling. 

Sodium  ethylate  was  prepared  by  dissolving  metallic  sodium  in  alcohol  cooled 
m  an  ice-bath  (at  0**).  When  the  alcohol  is  not  kept  cold  dining  the  reaction  resinous 
bodies  are  formed  which  seriously  interfere  with  the  constancy  of  the  hydrogen  electrode. 
As  a  simple  means  of  obtaining  the  desired  amount  of  sodium,  it  was  sucked  up  while 
molten  into  glass  tubes  so  that  any  desured  length  could  be  measured  off  and  dissolved. 
The  concentration  of  the  solution  could  thus  be  determined  by  weighing  the  tubes  before 
and  after  dissolving  the  sodium  or  by  titrating  with  a  standard  add  solution. 

The  phenol  was  purified  by  distillation  and  kept  in  the  dark,  as  the  colored  variety 
seemed  to  contain  an  oxidizing  substance  which  affected  the  electrode. 

Hirdrochloric  add  solution  was  prepared  by  dropping  cone,  sulfuric  add  on  sodium 
chknide,  and  passing  the  gas  through  caldum  chloride  into  alcohol.  Ammonium  ethylate 
solution  was  prepared  by  dropping  water  on  sodium  hydroxide  and  ammonium  chloride 
and  paawtig  the  gas  through  soda  Ume  into  alcohol. 

Aniline  was  purified  as  described  by  Gattermann,*  omitting  the  ether  extraction. 

Titration  Curves. — Fig.  1  gives  titration  curves  of  various  adds  with 
sodium  ethylate  and  of  bases  with  hydrochloric  acid.  Table  I  gives  data 
concerning  concentrations  and  end-points. 

Tabi«b  I 


Sabstao 


i  titrated 


(15  oc.  of  solution) 
Acetic  add 


Chlorophenol 
Maleicadd 
Fafaniticacid 
Phenol 
Sulfuric  add 


N 

0.068 

0.2 

0.2 

0.068 

0.0516 

0.074 

0.2 

0.074 


TitrAting 
solution 

NaOEt 

HCl 

HCl 

NaOEt 

NaOEt 

NaOEt 

NaOEt 

NaOEt 


End-point 
Co. 

14.2 

9.2 

15.5 

11.0 

18.0 

11.2 

8.5 

12.7 


It  required  about  45  minutes  for  the  solutions  to  become  saturated  with 
hydrogen  and  the  electrode  to  come  to  equilibrium.    After  additions  of 


10 

CC  CIHTUTC 


Piff.  1.— Titrations  in  ethyl  alcohol  solutions. 


*  Gattermann,  "Practical  Methods  of  Organic  Chemistry/'  Macmillan  and  Co., 
1903,  p.  189. 


Digitized  by  LjOOQ IC 


138     EDNA  R.  BISHOP,  ESTHER  B.  KITTREDGE  AND  JOEL  H.  HU^DEBRAND. 


titrating  solution  equilibrium  was  attained  in  about  10  minutes.  The 
titrations  are  therefore  miidi  slower  than  when  aqueous  solutions  are  used. 

It  will  be  seen  that  the  curves,  as  was  expected,  are  very  similar  to  those 
obtained  for  aqueous  solutions,  but  that  the  difference  in  e.m.f.  between 
acid  and  alkaline  solutions  is  greater  on  accoimt  of  the  smaller  dissociation 
constant  of  alcohol,  as  previously  explained.  The  curves  are  quite  re- 
producible, as  illustrated  by  the  two  sets  of  points  upon  the  curve  for 
acetic  acid. 

Table  of  Indicators. — Examination  of  the  curves  obtained  shows  that 
the  aniline  and  hydrochloric  acid  curve  is  flat  enough  for  the  determination 

Tablb  it 
Color  Changes  ok  Indicators  in  Ethyl  Alcohol 


Cone. 

No.  of 

Titrating 

E.m.f.  of 

Indicator 

G.  perl 

drops 

solution 

color  changes 

Bitter  almond  oil  green 

1.5 

5 

HAc-NaOEt 

Green  0.69  colorless 

Bromophenol  blue 

1 

5 

HCl-aniline 

Yellow  0.34  green  0.47 
blue 

Cresol  red 

1 

5 

HCl-aniline 

Pink  0.20,  orange  0.30 

Curcumin 

Sat. 

2 

HAcNaOEt 

Greenish-yellow  0.66 
red  0.85  orange  0.91 
golden 

Cyanine 

1 

8 

HCl-aniline 

Colorless  0.24  blue 

Gallein 

1 

5 

HAc-NaOEt 

Rose  0.68  violet-blue 

lodeosin 

Sat. 

5 

HCl-anilme 

Golden-brown  0.20  pink 

Methyl  green 

Sat. 

8 

HAc-NaOEt 

Blue  0.66  lavender 

Methyl  orange 

1 

5 

HCl-anilme 

Pink  0.20  orange  0.23 
yellow 

Methyl  violet 

1 

5 

HAc-NaOEt 

Violet   0.95   colorless 

Methyl  red 

Sat. 

9 

HAc-NaOEt 

Red  0.54  orange  0.62 
yellow 

Naphtholbenzoin 

1 

10 

HAc-NaOEt 

Light  brown  0.70  blue 

/>-Nitrophenol 

1 

5 

HAc-NaOEt 

Colorless  0.61  yellow- 
green  . 

Phenolphthalein 

10 

5 

Phenol-NaOEt 

Colorless  0.68  red 

Resorcin  blue 

1 

5 

HAc-NaOEt 

Red  0.39  blue 

Rosalie  acid 

1 

5 

HAc-NaOEt 

Golden  0.58  orange  0.65 
pink 

Sodium   alizarin  sulfo- 

nate 

Sat. 

10 

HAc-NaOEt 

Greenish  -  yellow  0.50 
orange  0.57  rose  0.82 
violet 

Thymol  blue 

1 

10 

HQ-aniline 

Red  0.30  golden 

Thjrmolphthalein 

10 

5 

Phenol-NaOEt 

Colorless  0.82  blue 

Trinitrobenzene 

Sat. 

5 

HAc-NaOEt 

Colorless  0.68  golden- 
orange 

Tropaeolin 

Sat. 

5 

HCl-aniline 

Salmon-pink  0.20  orange 
0.23  golden 

Tropaeolin  OO 

Sat. 

5 

HCl-aniline 

Pmk  0.15  orange  0.20 
yellow 
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of  the  color  changes  of  indicators  from  about  0.14  to  0.45  volts,  acetic  acid 
and  sodium  ethylate  from  0.45  to  0.70  volts  and  from  0.90  to  0.97  volts, 
^-chlorophenol  and  sodium  ethylate  from  0.75  to  0.98  volts.  These  three 
pairs  practically  cover  the  range. 

After  the  titration  curves  were  obtained  it  was  imnecessary  to  repeat 
the  titration  with  the  hydrogen  electrode  with  each  indicator  investigated. 
Time  was  saved  in  most  instances  by  determining  the  amounts  of  acid  and 
base  required  to  produce  a  certain  color  change  and  then  finding  the  corre- 
sponding e.m.f .  from  the  original  hydrogen-electrode  curve.  This  indirect 
method  was  indeed  necessary  with  such  indicators  as  trinitrobenzene 
which  oxidized  the  hydrogen  electrode,  thus  giving  values  for  the  e.m.f. 
which  were  not  true  measures  of  the  hydrogen-ion  concentration. 

The  indicators  investigated,  concentration,  number  of  drops  used  and 
cm.f.  of  the  color  change  are  given  in  Table  II.  The  positions  of  most  of 
the  indicators  in  alcohol  are  dose  to  their  positions  in  water  but  there  are 
exceptions,  e.  g,,  cyanine  is  considerably  displaced  toward  the  acid  side, 
and  some  indicators  which  are  usefid  in  water  caimot  be  used  at  all  in 
alcohol.  The  e.m.f.'s  of  the  color  changes  are  accurate  to  approximately 
0.03  volts.  Of  course  the  color  does  not  change  abruptly  at  the  e.m.f. 
given,  so  that  the  figures  should  be  considered  as  indicating  a  color  inter- 
mediate between  the  two  limiting  colors. 

Titration  of  Fatty  Acid  in  Presence  of  Fat. — As  an  illustration  of  the 
use  of  the  indicator  table  we  will  give  results  for  the  titration  of  a  free  fatty 
add  in  the  presence  of  its  glyceride,  a  problem  of  some  analytical  im- 
portance. Palmitic  acid  and  palmitin  were  selected  for  the  piupose. 
By  reference  to  Fig.  1,  it  will  be  seen  that  palmitic  acid  is  neutralized  by 
sodium  ethylate  at  about  0.8  volt  so  that  thymolphthalein  shotdd  change 
color  dose  to  the  true  end-point.  The  following  table  gives  the  results 
of  four  titrations  with  0.157  N  soditmi  ethylate  solution,  tripalmitin  being 
present  in  each  case  nearly  to  the  point  of  saturation. 

Tabids  III 

Solvent  alcohol  Palmitic  acid 

Taken  Pound 

O.  G. 

Absolute 0.467  0.467 

Absolute 0.493  0.490 

Commercial  96% 0.513  0.512 

Commercial  96% 0.436  0.439 

The  results  show  that  an  accurate  titration  is  possible  by  this  means,  and 
further  that  extreme  dehydration  of  the  alcohol  is  unnecessary.  The 
chief  effect  of  small  amotmts  of  water  is  to  decrease  the  solubility  of  the  fat 
and  thus  retard  the  titration. 

It  is  obvious  that  suitable  indicators  can  be  selected  by  the  aid  of  Table 
n  for  the  other  titrations  represented  by  the  curves  in  Fig.  1.   For  example, 


Digitized  by  VjW^' 


gle 


140  NOTES. 

the  end-point  for  ammonia  corresponds  to  about  0.38  volt,  but  the  curve 
is  steep  between  0.25  volt  and  0.53  volt.  Evidently,  therefore,  bromo- 
phenol  blue,  changing  at  0.34  volt,  or  resorcin  blue,  changing  at  0.39  volt, 
should  give  a  sharp  end-point  in  the  titration  of  ammonia. 

Summary. 

Hydrogen-electrode  titration-curves  are  given  for  a  number  of  re- 
actions in  the  ethyl  alcohol  system,  together  with  a  table  of  indicators  for 
use  in  such  reactions.  The  possible  applications  of  the  data  obtained  are 
illustrated  by  the  titration  of  a  fatty  acid  in  the  presence  of  its  glyceride. 

BERKBI«EY,  CALn^ORNIA. 

NOTE. 
The  Relation  Between  Entropy  and  Probability.^  The  Integration 
of  the  Entropy  Equation. — ^The  rate  of  increase  of  the  specific  heat  with 
the  entropy  of  a  given  element  or  compotmd  depends  upon  the  probability 
of  the  randomness  of  the  individual  particles.  At  the  absolute  zero, 
or  at  the  point  of  zero  kinetic  energy  we  are  quite  certain  that  each  particle 
will  remain  in  a  fixed  position.  The  probability,  therefore,  will  be  imity. 
At  relatively  high  temperatm-es  the  probability  of  -that  state  prevailing 
is  very  nearly  zero.  Now,  the  mathematical  expression  of  the  above 
statements  may  be  assumed  to  be  proportional  to  the  term.  Coo  —  C 

which  at  the  absolute  zero  is  unity  and  at  relatively  high  temperatures 
approaches  zero,  or. 

Assuming  that  when  C  is  zero  S  is  also  zero.  Equation  1  on  integration 
gives, 

Coo  Coo 

The  value  of  K  may  be  readily  obtained  by  substituting  in  Equation   1 
CdT/T  for  its  equal  dS  and  integrating.    Thus, 

dC      K(Coo  -C)C 


dT  Coo  T 


(3) 


»  The  specific  heats  of  all  solid  substances  decrease  with  the  temperature  and  ap- 
proach zero  as  the  absolute  temperature  approaches  zero.  This  experimental  fact  led 
to  the  assumption  that  at  the  absolute  zero  of  temperatture  the  specific  heat  of  all  sub* 
stances  is  actually  zero.  Following  this  announcement  many  attempts  were  made, 
notably  by  Einstein,  {Ann.  Physik,  [4]  22,  180  (1907)),  Nemst  and  Lindemann, 
{SUzt,  Akad,  Wiss,  Berlin.,  494,  1911).  Debye,  (Ann.  Physik,  [4]  39,789  (1912)),  and 
by  Planck,  "Theorie  der  Warmestrahlung,"  to  express  the  specific  heat  as  a  simple 
function  of  the  absolute  temperatture,  but  with  no  success. 
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Whence, 

log  ^Jl^  =  X  log  r+log  ik  (4) 

In  the  straight  line  equation  (4)  K  is  the  slope,  and  log  k  is  the  intercept 
on  the  ordinate.*  This  equation  may  of  course  be  written  in  the  simpler 
form, 

Equation  4  or  5  reproduces  the  experimental  data,  within  the  probable 
error,  for  the  specific  heats  of  all  substances  thus  far  obtained  by  thermo- 
electric methods. 

The  following  table  giving  the  results  for  copper  demonstrates  this. 

Tablb  I 
Cau:ulation8  of  thb  Spbcipic  Heat  of  Copper  at  Dn^FERBNT  Tempbraturbs  by 

^    Cooikr^ 


T 

HE  rOKMJJlU 

^"="*r^+i 

1 

2 

3 

4 

1 

2 

3 

4 

T 

C^  (obs.) 

C,  C«k 

Diff. 

T         Cp  (obs.) 

C,  Gale. 

Diff. 

Dutch  (Lcyden  Laboratory) 

English 

14.61 

0.04 

0.04 

0.00 

50.00 

1.32 

1.28 

+0.04 

16.60 

0.05 

0.05 

0.00 

90.00 

3.98 

3.57 

+0.41 

17.17 

0.07 

0.07 

0.00 

130.00 

4.78 

4.84 

-0.06 

20.19 

0.11 

0.11 

0.00 

170.00 

5.23 

5.39 

-0.16 

20.74 

0.12 

0.12 

0.00 

210.00 

5.50 

5.64 

-0.14 

26.37 

0.23 

0.22 

+0.01 

250.00 

5.70 

5.77 

-0.07 

29.73 

0.38 

0.34 

+0.04 

290.00 

5.83 

5.83 

0.00 

40.22 

0.83 

0.75 

+0.08 

390.00 

6.09 

.... 

60.04 

1.43 

1.28 

+0.15 

German    (Nemst   Laboratory) 

59.76 

2.06 

1.86 

+0.20 

23.5 

0.22 

0.18 

+0.04 

60.33 

2.08 

1.90 

+0.18 

27.7 

0.32 

0.28 

+0.04 

69.66 

2.69 

2.47 

+0.12 

33.4 

0.54 

0.46 

+0.04 

80.32 

3.05 

3.08 

-0.05 

87.0 

3.33 

3.43 

-0.10 

88.86 

3.37 

3.50 

-0.13 

88.0 

3.38 

3.47 

-0.09 

89.39 

3.44 

3.55 

-0.11 

137.0 

4.57 

4.98 

-0.41 

234.0 

5.59 

5.72 

-0.13 

290.0 

5.79 

5.83 

-0.04 

323.0 

5.90 

5.87 

+0.03 

Coo  =3  1^=5.966 
log*  =  -5.4955 
/C=2.900 
The  figures  of  Cols.  1  and  2  were  collected  by  Dr.  Latimer,  Oilman  Hall,  University 
of  California. 

In  the  table  following  are  given  in  the  second  and  third  columns,  the 
values  for  K  and  for  Ku  or  log  k,  obtained  from  the  straight  line  experi- 
mental plots  according  to  Equation  4;  in  the  fourth  colunm  are  given  the 
*  Actually,  the  raw  experimental  Cp  values  were  used  in  the  straight  line  plots,  as 
the  increase  in  volume  is  negligibly  small  up  to  100°  A.  and  in  some  cases  even  up  to 
200*  A. 
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specific  heats  per  gram  atom  for  constant  volume,  calculated  from  the 
values  of  K  and  Ki  with  the  aid  of  Equation  4  or  5.  In  the  fifth  column 
are  given  the  entropies  per  gram  atom  or  mol,  calculated  by  means  of 
Equation  2,  and  in  the  sixth  colimm  are  given  the  values  for  the  entropies 
obtained  by  Lewis  and  Gibson*  by  a  graphical  method. 

Since  Lewis  and  Gibson  state  that  their  calculated  values  are  acciwate 
to  from  0.3  to  2.0  imits  of  entropy  the  agreement  between  the  two  columns 
is  entirely  satisfactory.  However,  the  values  obtained  by  means  of  Equa- 
tion 2  are  slightly  but  consistently  higher  in  most  cases.  This  is  due  to  the 
fact  that  for  very  low  temperatures  for  which  there  are  no  available  data 
Lewis  and  Gibson  join  to  their  graphical  method  the  equation, 

C^aT*,  whence  5  =  —  C. 

This  is  equivalent  to  the  assumption  that  in  Equation  1  (Coo  —Q /Coo 
remains  unity  at  very  low  temperattu-e  and  that  K  =  Z  which  is  evidently 
not  true,  as  a  glance  at  the  table  will  show. 

Tabls  II 
ENTROPms  AT  Constant  Voi^umb 

K  Ki  C^(298)         5,(298)      -^p  (298) 

Calc.  (Bq.  2)  Lewis  & 
Gibson 

Al 2.90  -5.6985  5.774  7.07  6.7 

Cu 2.90  -5.4965  5.844  8.00  7.8 

Cdiamond 2.80  -7.4088  1.482  0.61  0.6 

C,  graphite 1.83  -4.7946  2.093  1.41  1.3 

KCl 2.47  -4.3320  5.870  19.90  19.4 

NaCl 2.94  -5.4008  5.887  17.55  17.2 

PdCl, 1.88  -3.1133  5,798  33.99  33.2 

Na 2.334  -3.7157  5.916  12.23  11.7 

1 1.84  -2.5074  5.911  15.20  14.8 

Pb 2.18  -2.9652  5.943  15.21  15.0 

S.rhombic 1.23  -2.4418  4.771  7.80  7.4 

S.monod 1.30  -2.5627  4.882  7.83  7.6 

Sn,gray 2.24  -4.0162  5.794  9.23 

Sn,  white 2.79  -4.7626  5.922  10.50 

Cd 6.00  -10.2960  5.965  8.65 

Ca 2.53  -4.3570  5.892  10.35  10.3 

HgCl 1.60  -2.6235  5.702  23.26  23.2 

Zn 2.40  -4.2204  5.880  10.54  9.7 

Ag 2.36  -4.0875  5.862  10.24  9.9 

Mg 2.57  -4.8409  5.790  8.18  8.1 

C0(NH,)2 0.705  -1.7485  2.969  46.62  41.0 

-.2- 

•  This  value  is  taken  from  a  paper  by  Gibson,  Latimer  and  Parks,  (This  Journai*, 

42,  1541  (1920)).    On  plotting  the  values  of  Ci,  calculated  by  means  of  Equation  5, 

and  also  the  experimental  values  for  Cp  against  log  T,  the  diflFerence  was  found  to  be 

8(0.035),  whence  5^(298)  =46.9. 

Eureka,  California.  Gborge  A.  Linhart. 

Received  September  16.  1921. 


»  Lewis  and  Gibson,  This 
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The  Fonnation  of  Potassium  Perchlorate  from  Potassimn  Chlorate. — 
The  action  of  certain  of  the  stronger  acids  on  potassium  chlorate  is  not 
commonly  considered  as  a  method  applicable  to  the  preparation,  in  the 
laboratory,  of  potassium  perchlorate.  The  action  of  sulftuic  acid  on  po- 
tassium chlorate  with  the  formation  of  the  perchlorate  was  first  recorded 
by  Stadion.  *  Later,  Penny*  noted  that  nitric  acid  acting  on  the  chlorates  of 
potash  and  soda  yielded  perchlorate ;  and  shortly  after,  Millon'  speaks  of  the 
formation  of  the  perchlorate  by  the  action  of  sulfuric  acid  on  the  chlorate. 

While  the  action  of  strong  sulfuric  acid  on  potassium  chlorate,  yields 
as  it  does  at  first,  perchlorate  and  the  oxides  of  chlorine,  consisting  largely 
of  the  tetroxide,  the  explosive  character  of  the  reaction  is  such  that  it  is 
very  difficult  to  control.  It  can,  however,  be  carried  out  without  danger 
by  adding  the  sulfuric  acid  slowly  and  avoiding  warming.  Decomposition 
is  complete  in  about  5  hours  and  is  shown  by  the  disappearance  of  the 
yellow  color  accompan3dQg  the  decomposition  of  the  chlorate.  When 
2  to  5  g.  of  chlorate  is  treated  with  50  cc.  of  cone,  sulfuric  acid,  the  yield 
of  perdhlorate  is  about  11%. 

Nitric  add  of  various  degrees  of  concentration  will  convert  potassium 
chlorate  to  the  perchlorate.  A  good  procedure  consists  in  repeated 
evaporations  to  dryness  of  the  chlorate  on  the  steam-bath  with  ordinary 
cone,  nitric  acid.  The  final  product  is  only  the  nitrate  and  perchlorate 
the  yield  being  as  high  as  30%.  Anhydrous  nitric  acid  gives  with  po- 
tassium chlorate  just  about  the  same  amount  of  the  perchlorate  when  evap- 
orated on  the  steam-bath  as  does  ordinary  concentrated  acid.  Fuming 
nitric  add,  doubtless  on  accotmt  of  the  reducing  character  of  the  acids  of 
nitrogen  contained,  yidds  almost  no  perchlorate. 

Phosphoric  add  with  chlorate  yields  perchlorate.  WTien  the  chlorate 
is  boiled  with  85%  phosphoric  acid  imtil  the  disappearance  of  the  yellow 
chlorine  color,  a  yield  of  as  high  as  15%  of  perchlorate  is  obtained. 

Chromium  trioxide  and  chlorate,  boiled  with  just  enough  water  to  keep 
the  mixttu^  in  solution,  afford  a  yidd  of  about  11%  of  perchlorate. 

When  chloric  acid  in  a  concentration  of  30%  is  allowed  to  stand  for 
several  days  in  contact  with  potassium  chlorate,  then  warmed  and  evapo- 
rated with  hydrochloric  acid  in  order  to  destroy  all  chloric  acid  and  chlorate, 
no  perchlorate  is  obtained. 

Certain  adds  do  not  decompose  the  chlorate,  even  at  the  boiling  temper- 
ature. Among  these  may  be  mentioned  saturated  oxalic  acid  solution, 
25%  tartaric  add,  acetic  acid  both  glacial  and  dilute,  50%  monochloro- 
acetic,  25%  lactic,  50%  arsenic,  20%  permanganic  and  persulfuric  acid. 
Other  adds,  such  as  formic,  trichloro-acetic,  hydrofluoric,  and  hydro- 
chloric adds  decompose  the  chlorate  but  without  yielding  perchlorate. 

^  Stadion,  Gilbert's  Ann.,  52,  197  (1818). 
s  Penny,  Brii.  Assoc.  Rep.,  1840,  79. 
>  Millon,  Ann.  Chem.,  [3]  7,  (1843). 
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Reference  to  the  hydrogen-ion  concentration  of  these  various  adds  gives 
no  apparent  reason  for  the  behavior  of  the  various  acids.  A  view  to  be 
considered  is  that  the  action  is  selective  and  follows  along  the  same  lines 
as  that  of  heating  the  chlorate  alone,  when  rearrangement  takes  place, 
3  molecules  of  the  chlorate  being  oxidized  at  the  expense  of  another 
molecule.  In  the  cases  of  the  action  of  certain  acids  on  the  chlorate,  we 
have  the  same  general  character  of  reaction  going  on,  only  at  lower 
temperatures  than  when  the  chlorate  is  heated  alone. 

Victor  Lsnhsr, 
Madison,  Wisconsin.  Hosmbr  W.  Stonb 

RecdTed  October  8.  1921.  AM)  HSUBN  H.  SCENNBR. 

[Contribution  prom  thb  Kbnt  Chsmical  Laboratory  of  the  UNivtesnT  op 

CmcAGO.] 

Cu  Acms.  in.  FOUR  tetrahydroxy-stearic  acids  de- 
rived FROM  LINOLIC  ACID,  AND  THEIR  SIGNIFICANCE  WITH 
REGARD  TO  THE  LINOLIC  ACID  OF  COMMON  OILS. 

By  Bbn  H.  Nicoi^st  and  Henry  L.  Cox.^ 

Received  Augtist|4,  1921. 

In  Spite  of  the  relatively  considerable  amoimt  of  work  that  has  been  done 
on  linolic  acid,  C18HS2O2,  our  knowledge  of  its  chemistry  is  rather  strikingly 
limited.  There  is  a  moderate  amotmt  of  evidence*  that  its  formula  is 
represented  by  (I)  CH8(CH,)4CH  =  CHCH2CH=CH(CHs)7C02H.  Four 
space  isomers  of  such  a  substance  are  possible. 

R'CH  R'— CH  R'— CH  R'— CH 

11  II  II  II 

CHCHjCH  HCCHjCH  HCCHjCH  HCCH,CH 

II  11  II  n 

CH— R'  HC— R'  R'— CH  R'— CH 

(II).  (III).  (IV).  (V). 

trans-trans  ds-ds  ds-trans  trans-ds 

in  which  R'  represents  the  radical  CHs(CH2)4 —  and  R*'  represents  (CHi)7- 
COiH.  No  attention  has  apparently  been  paid  to  the  question  of  which, 
or  how  many  of  these  occur  in  natural  glycerides,  except  for  Bedford's* 
suggestion  that  there  are  two  different  acids  of  this  formula,  because  the 
addition  of  bromine  3delded  two  tetrabromides.  Takahashi^  has  shown 
further  that  the  a-tetrabromide  (m.  p.  114^)  of  linolic  acid,  when  treated 
with  zinc  tmder  proper  conditions  for  the  elimination  of  bromine,  gives  a 
linolic  add  which,  on  re-bromination,  yields  two  or  more  tetrabromides 
(two  crystalline  products,  and  an  oil  which  may  or  may  not  have  been  a 
mixture  of  these).    Each  of  these  products,  on  removal  of  bromine,  re- 

^  The  material  here  presented  is  used  by  Henry  L.  Cox  in  partial  fulfilment  of  the 
requirements  for  the  degree  of  Doctor  of  Philosophy  in  the  University  of  Chicago. 
«  Goldsobd,  Chem.  Ztg„  1906,  826. 
*  Bedford,  Dissertation,  HaUe  a.  S.,  1908. 
« Takahashi,  /.  Tokyo  Chem.  Soc„  40,  233-89  (1919);  C.  A„  13,  1583  (1919). 
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generates  a  "linolic  acid"  which,  when  again  brominated,  yields  the  same 
three  products  as  before,  and  in  approximately  the  same  proportions, 
whichever  tetrabromide  served  as  a  starting  point.  The  elimination,  and 
perhaps  also  the  re-addition,  of  bromine  occurs  in  more  than  one  way. 

Again,  the  oxidation  of  linolic  add  with  alkaline  permanganate  gives 
at  least  two  (the  published  data  might  suggest  a  larger  number)*  tetra- 
hydroxy-stearic  (sativic)  acids.  This  list  of  things  unknown  need  not  be 
further  extended  to  indicate  the  need  for  further  information  concerning 
linolic  acid. 

Since  sativic  acid  (VI)  contains  4  asymmetric  carbon  atoms,  it  is  ob- 

H   H  H   H 

II  II 

(VI).  CH,(CH04-C-C— CH,— C— C— (CH,)iCOiH 

II  !    I 

OHOH  OHOH 

vious  that  16  optically  active  forms  are  possible,  or  8  inactive  forms 
((i{-mixtures  or  racemates).  As  has  been  suggested,  2  of  these  8  are  proba- 
bly known,  as  products  of  permanganate  oxidation. 

It  has  been  shown  that,  at  least  for  the  stereo-isomeric  oleic  and  elaidic 
acids,  addition  takes  place  in  only  one  way  in  the  course  of  oxidation  with 
permanganate.  Thus  oleic  acid  }rields  only  a  dihydroxy  acid,  m.  p. 
132-3*",  while  elaidic  add  yields  only  an  isomer,  m.  p.  99-100**.  Al- 
bitzky*  has  described  a  method  by  which  addition  seems  to  occur  only  in 
the  reverse  direction.  This  consists  in  the  addition  of  hypochlorous  add 
to  the  double  bond,  with  subsequent  replacement  of  the  chlorine  by 
hydroxyl,  by  means  of  caustic  alkali.  By  this  method,  Albitzky  obtained 
from  oleic  add  a  dihydroxy-stearic  acid  corresponding  to  the  product 
obtained  from  elaidic  acid  with  potassium  permanganate.  Similarly 
treated,  elaidic  add  gave  the  dihydroxy  acid  obtained  from  oleic  add  by 
direct  oxidation. 

If  it  be  assumed  that  linolic  acid  will  behave,  with  reference  to  perman* 
ganate  and  hypochlorous  add,  as  Albitzky  showed  oleic  acid  to  act  with 
these  reagents,  it  follows  that  a  study  of  the  sativic  adds  obtained  by  these 
different  methods,  can  throw  some  light  on  the  space  structures  of  the 
original  linolic  adds.    This  has  been  found  to  be  the  case.' 

The  oxidation  of  linolic  acid  with  permanganate  produces  2  different 
sativic  adds,*  m.  p.  170°  and  153°,  respectively.    The  existence  of  2 

•  Cf.  Le^owitsch,  "Chemical  Technology  of  Oils,  Pats  and  Waxes,"  5th  Ed., 
1913,  voL  I,  pp.  232-^,  for  list  of  references. 

•  Albitzky,  /.  ftrakt.  Chem.,  [2]  61,  65  (1900). 

'  Strictly  speaking  the  results  and  condusiond  here  reported,  apply  to  linolic  add 
regenerated  front  the  tetrabromide,  m.  p.  114^.  But  the  natural  linolic  acid  gives,  so 
far  as  reported,  such  similar  results  on  bromination  and  oxidation,  that  the  add  of 
ordinaiy  oils  may  be  at  least  suspected  of  being  identical  with  the  regenerated  add. 

•  Meyer  and  Beer  {Manatsh.,  33,  325  (1912))  oxidized  the  fatty  adds  of  the  seed 
oil  of  "Jimson  weed"  {Datura  stramonium)  and  obtained  an  "cs-sativic  add,"  m.  p. 
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sativic  acids,  as  indicated  by  various  previous  observers,*  is  thus  confirmed 
by  the  work  here  reported,  in  which  for  the  first  time  both  acids  are  isolated 
from  a  single  oxidation  experiment.  The  fact  that  2,  and  essentially  only 
2,  sativic  acids  were  isolated  (although  a  relatively  much  smaller  quantity 
of  lower  melting  material,  which  may  perhaps  be  an  isomeric  sativic  acid, 
was  obtained)  points  to  the  fact  that  2  stereo-isomers  of  linolic  acid  were 
present  origir^ally.  It  is  conceivable,  though  not  in  accord  with  the  be- 
havior of  oleic  acid  on  oxidation,  that  both  of  these  acids  might  come  from 
a  single  linolic  acid;  but  this  would  not  account  for  the  additional  sat- 
ivic acids  later  described. 

The  addition  of  hypochlorous  and  hypobromous  acids  to  linolic  acid* 
was  found  to  take  place  smoothly,  and  a  method  was  developed  which 
permitted  the  transformation  of  these  substances  to  sativic  acids,  though 
the  yields,  never  over  14%,  left  much  to  be  desired.  The  first  step  in  this 
transformation,  the  formation  of  tetra-acetyl-sativic  acid,  was  accom- 
plished with  a  yield  of  85%.  Hydrolysis  of  the  tetra-acetate,  however, 
gave  a  large  amoimt  of  by-products,  probably  due  to  a  splitting  off  of 
acetic  acid  from  the  partially  hydrolyzed  molecule  to  give  ring  compounds 
containing  oxygen.^® 

Two  new  sativic  acids,  m.  p.  144.5°  (7-acid),  and  135°  (5-acid),  were  thus 
obtained,  differing  in  melting  point  and  solubility  from  those  obtained  by 
direct  oxidation.  No  indications  of  the  formation  of  a-  or  j8-acid  were  ob- 
tained in  this  product. 

Since  only  2  sativic  acids  were  obtained  by  the  permanganate  oxidation 
of  linolic  acid,  while  2  and  only  2  additional  sativic  acids  were  obtained 
from  the  hypobromous  acid  addition  product,  it  is  concluded  that  2 
and  essentially  only  2  of  the  possible  stereo-isomeric  forms  (H-V)  are 
present  in  "ordinary**  linolic  acid.  This  limits  the  possibilities  to  six 
combinations,    as   follows: 

A.  II  and  III  C,  II  and  V  E,  III  and  V 

B,  II  and  IV  D.  Ill  and  IV  F,  IV  and  V 

Further,  as  cis  (or  trans)  addition  yields  a-  and  jS-sativic  acids,  while 
trans  (or  cis)  addition  yields  the  7-  and  6-acids,  it  is  not  unreasonable  to 
eliminate  2  of  these  pairs,  A  and  F.  Examination  of  the  space  formulas 
will  show  that  trans  addition  at  the  double  bonds  of  (II)  or  (V)  will  give 

163®,  and  a  "/5-sativic  add,"  m.  p.  173**.  As  the  same  oil  yielded  a  tetrabromo-stearic 
add,  m.  p.  117®,  whereas  the  highest  recorded  mdting  point  of  linolic  add  tetrabromide 
is  114°,  it  is  not  certain  that  these  were  true  linolic  add  derivatives.  However,  in 
conformity  with  their  system,  the  acid  of  higher  mdting  point  (170°)  obtained  in  this 
work,  will  be  called  the  /3-add,  and  the  second,  (m.  p.  153°)  the  a-add. 

*Albitzky,  Ref.  6,  has  prepared  the  corresponding  addition  products  of  several 
adds  of  the  oldc  series. 

^^  There  is  here  the  possibility  of  forming  oxide  rings  containing  from  3  to  6  atoms. 
The  relative  ease  of  formation  and  stability  of  5-  and  6-membered  rings,  is  wdl  kno^Rrn. 
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the  same  product  as  cis  addition  at  the  corresponding  bonds  of  (III) 
and  (V),  and  vice  versa. 

The  evidence  is  thus  fairly  conclusive  that  there  are  2  stereo-isomers 
present  in  ordinary  linolic  add,  and  that  choice  of  the  2  forms  is  limited 
to  4  possibilities,  B,  C,  D,  and  E,  above.  A  further  limitation  of  choice 
cannot  be  definitely  made  in  the  present  state  of  our  knowledge  of  linolic 
acid  and  its  derivatives;  but  it  may  be  ot  interest  to  consider  certain  in- 
direct evidence  that  makes  possible  a  fairly  plausible  guess,  for  by  making 
use  of  two  not  unreasonable  assumptions  the  number  of  possibilities  can 
be  narrowed  much  further. 

It  has  been  shown  that  when  bromine  is  added  to  oleic  or  elaidic  acid, 
and  subsequently  removed  with  zinc,  only  the  original  acid  is  obtained. 
Linolic  acid,  however,  behaves  in  a  diflFerent  maimer.*  Isomerization 
takes  place  in  the  latter  case,  but  not  in  the  former;  but  even  linolic  acid 
produces  only  2  of  the  4  possible  isomers,  so  that  even  here  but  one  double 
bond  has  been  affected.  The  first  assumption,  then,  is  that  the  double 
bond  in  the  9,  10  position  (common  to  oleic  and  linolic  acids)  is  the  one 
not  affected.  This  excludes  the  2  combinations 'B  and  E  (above),  on 
account  of  the  different  space  arrangement  of  the  9-10  double  bond  in  these 
pairs  of  isomers.    The  choice  is  thus  limited  to  the  2  pairs,  C  and  D. 

It  is  the  imiversally  observed  rule  that  the  naturally  occurring  higher 
fatty  acids  of  the  oleic  series  are  the  trans  forms."  The  cis  forms  are 
known  only  as  artificially  prepared  from  these. 

The  second  asstunption,  then,  is  that  linolic  acid,  also,  should  have  a 
trans  structure  with  regard  to  its  9-10  double  bond.  Inspection  of  the 
formulas  shows  that  only  (II)  and  (V)  fulfil  this  condition,  and  these  are 
accordingly  the  linolic  acids  most  probably  present  in  the  natural  glycerides, 
and  in  linolic  acid  as  prepared  from  them  by  the  usual  methods. 

It  should  be  understood  that  present  evidence  is  not  definitely  sufficient 
to  limit  the  choice  of  stereo-isomers  further  than  to  the  4  pairs  above  men- 
tioned, without  the  introduction  of  assumptions  that  have  at  present  no 
particularly  firm  experimental  foimdation.  A  certain  amount  of  specula- 
tion is  however  justified  by  the  fact  that  present  sjoithetical  methods  do 
not  make  likely  the  synthesis  in  the  near  future  of  any  homogeneous 
sativic  acid,  by  methods  which  would  indicate  a  really  definite  space- 
structure. 

Experimental  Part. 

Pra9anti0n  of  Linolic  Acid  Tetrabromide. — ^The  starting  material  was  the  dried 
fatty  adds  of  oottonseed  oil.  Of  several  methods  tried,  the  following  gave  the  best 
results.  A  slight  excess  of  bromine  (as  shown  by  a  faint  permanent  red  color)  was 
added  gradually  to  a  well-stirred  solution  of  200  g.  o  fatty  adds  in  1000  cc.  of  ligroin 
(b.  p.  70-100")  cooled  to  0".   The  mixture  was  boiled,  filtered  hot,  and  allowed  to  crystal- 

"  Uwkowitadi,  Ref.  5,  pp.  178,  195,  213. 
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lize.  After  filtering  and  washing  with  ligroin  of  lower  boiling  point,  88  g.  of  tetra- 
bromide,  m.  p.  113**  without  further  purification,  was  obtained.  More  than  a  kilogram 
of  tetrabromide  was  prepared  by  this  method. 

Linolic  Acid. — This  was  prepared  from  the  tetrabromide  in  the  usual  way,  by 
refluxing  it  for  24  hours  with  zinc  and  8%  alcoholic  hydrochloric  acid,  followed  by 
saponification  of  the  ester.  The  yields  averaged  97%,  and  the  purity,  as  judged  by  the 
iodine  number,  ranged  from  86-99%. 

Dichloro-dihydrozy-stearic  Acid. — ^Linolic  acid  (11  g.)  was  dissolved  in  500  cc. 
of  1%  potassium  hydroxide  solution,  and  slightly  more  than  2  mols  oi  2  N  potassium 
hypochlorite  was  added.  (The  soditun  soaps  are  so  slightly  soluble  that  their  use 
requires  an  almost  prohibitive  volume  of  solution.)  A  slow  stream  of  carbon  dioxide 
was  then  led  through  the  solution.  A  white,  gummy  mass  precipitated  within  a  short 
time,  but  the  gas  was  passed  for  several  hours,  or  until  a  small  sample  of  the  solution, 
removed  for  testing,  showed  little  or  no  test  for  hypochlorite.  Excess  of  the  latter  was 
then  destroyed  with  bisulfite  and  dil.  sulfuric  acid,  and  the  solution  extracted  with  ether. 
The  light  brown  viscous  oil  obtained,  would  not  crystallize,  and  could  not  be  made  to 
distil  under  10  mm.  pressure.  The  iodine  number  (2.3%)  showed  nearly  complete 
reaction. 

Analysis  (CsLrius).    Calc.  for  Ci8H3404Cl2:   18.92.     Found:  CI,  18.98. 

All  the  products  intermediate  between  linolic  acid  and  y-  and  5-sativic  acids,  showed 
themselves  incapable  of  crystallization  or  of  distillation.  Their  definite  characteriza- 
tion, and  preparation  in  a  high  state  of  purity,  must  therefore  be  left  for  future  work. 

Dibromo-dihydrozy-stearic  Acid. — This  was  prepared  in  very  much  the  same 
manner  as  was  the  chloro  compound,  but  saturation  with  carbon  dioxide  was  carried  out 
at  0^,  on  account  of  the  less  stability  of  hypobromous  acid.  From  40  g.  of  linolic  acid, 
59  g.  of  a  viscous  brown  oil  was  obtained. 

Analysis  (Carius).     Calc.  for  CigHM04Br2:    33.7     Found:    Br,  31.3,  31.1. 

Iodine  number.     Calc,  0.0.     Found:   8.5. 

The  bromine  determination  thus  indicates  a  purity  of  93%,  while  the  iodine  absorp- 
tion points  to  a  95%  conversion  of  the  linolic  acid.  It  appears  to  be  possible  to  prepare 
this  acid  with  a  purity  of  more  than  90%,  and  in  view  of  the  character  of  the  product, 
better  results  were  scarcely  to  be  expected. 

Tetrahydrozy-stearic  Acid  Tetra-acetate  (Sativic  Acid  Tetra-acetate). — When 
dichloro-dihydroxy-stearic  acid  was  heated  with  sodium  acetate  and  acetic  anhydride 
for  periods  of  3  to  21  hours,  the  product  contained  much  chlorine,  and  gave  no  sativic 
acid  on  saponification.  The  substitution  of  silver  acetate  for  sodium  acetate  gave  no 
better  results.  When  potassium  acetate  was  used,  and  the  mixture  refiuxed  45  hours, 
an  oil  was  obtained  which  gave  the  following  analytical  data. 

Acid  number.     Calc:    92.2.     Found:    83.2,88.8. 

Saponification  number.     Calc:    543.     Found:    489.2. 

Obviously,  therefore,  the  product  was  rather  impm-e,  but  consisted  chiefly  of 
sativic  acid  tetra-acetate.     It  still  contained  2.3%  of  chlorine. 

When  dibromo-dihydroxy-stearic  acid  was  refiuxed  with  dry  potassium  acetate 
and  acetic  anhydride,  the  reaction  was  much  more  rapid.  A  precipitate  of  potassium 
bromide  began  to  appear  almost  at  once,  and  at  the  end  of  5  hours,  represented  74% 
of  the  bromine  theoretically  present.  This  method,  with  slightly  longer  heating,  proved 
to  be  the  best  for  preparing  the  tetra-acetyl  derivative. 

Saponification  of  Sativic  Acid  Tetra-acetate. — Sativic  acid  is  somewhat  soluble 
in  hot  water,  and  insoluble  in  ether.  It  was  by  these  preliminary  tests  that  the  success 
of  various  methods  of  hydrolysis  of  its  tetra-acetate  was  judged.    Alcoholic  sodium  or 
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potasshim  hydroxide  gave  yieids  of  sativic  add  of  3-4%,  regardless  of  whether  the  re- 
action iras  carried  out  at  ordinary  or  higher  temperatures.  Sodium  carbonate  in 
aqueoos-akoholic  solution  gave  about  the  same  result.  Hydrolysis  with  a  1%  alcoholic 
solution  of  hydrochloric  add  (Gattermann's  method  for  saponification  of  ethylene 
di-acetate)  gave  less  good  results,  although  important  amotmts  of  ethyl  acetate  were 
formed.  Dil.  aqueous  sulfuric  add  was  equally  unsuccessful  in  giving  the  desired 
results. 

The  best  yields  of  sativic  add  were  obtained  by  hydrolysis  of  the  tetra-acetyl  de- 
rivative with  hot  aqueous  sodium  hydroxide,  for  a  period  of  one  hour.  The  solution, 
dilated  to  1  liter  for  each  10  g.  of  original  substance,  addified,  allowed  to  stand  over- 
night, and  washed  with  ether,  gave  12-14%  of  sativic  add.  Better  3ndds  coidd  not  be 
obtained.  The  exceptional  opportunity  for  the  formation  of  cydic  oxides  in  this  case, 
has  already  been  mentioned. 

The  ether-soluble  portions  of  the  residues  from  these  hydrolyses  were  saved,  and 
an  attempt  made  to  distil  them.  Under  a  pressure  of  less  than  1  nun.,  distillation 
occaned  only  in  part,  and  with  obvious  decomposition,  above  300^. 

Satlyic  Acids  Derived  from  Dihalogeno-dihydrozy-stearic  Acids. — ^As  the  product 
obtained  directly  from  the  hydrolysis  of  dichloro-dihydroxy-stearic  add  was  the  same  in 
mdting  point,  140-^  **,  and  in  all  of  its  observed  properties,  as  that  from  the  bromine 
analog,  the  two  were  used  interchangeably  in  the  later  work. 

Preliminary  attempts  to  purify  the  sativic  add  obtained  by  hydrolysis  of  the  tetra- 
acetyl  derivative,  indicated  separation  into  2  portions,  m.  p.  135^  and  144°  respectively. 
Accordingly,  3  g.  of  these  sativic  adds,  previously  recrystallized  once  from  water  was 
boiled  for  15  minutes  with  200  cc.  of  water,  containing  a  few  drops  of  hydrochloric  add, 
filtered  hot,  and  this  extraction  process  repeated  as  long  as  any  residue  remained. 
Flocculent  predpitates  were  deposited  as  all  the  filtrates  cooled.  After  filtration  and 
washing  with  ether,  the  following  5  fractions  were  obtained. 


Table  I 

wt. 

G. 

M.p. 

1.25 

Bdow  120 

0.45 

135 

0.25 

136 

0.22 

144-5 

0.05 

1*5 

Praction 

1. 
2 
3 

4 
5 

Fractions  2  and  3  were  combined  and  recrystallized  from  50%  acetic  add,  then  from 
50%  alcohol.  As  the  mdting  point  remained  constant  at  135°,  the  material  was  con- 
sidered to  be  pure,  and  designated  d-sativic  add.  Similarly  treated.  Fraction  4  retained 
its  mdting  point,  144.5®,  and  was  designated  -y-sativic  add.  Analysis  gave  the  follow- 
ing results. 


7-Acid 
M.  p.  144.5° 

% 

Carbon 61 .87 

62.26 

Hydrogen 10 .42 

10.50 

G. 

100  g.  of  boiling  water  dissolves 0 .20 

Equiv.    wt. 
(By  titration) 351.5 


Analyses 

»-Acid 
M.  p.  135*» 

% 

61.89 


Calc.  for 
CuHmO* 

% 

62.03 


10.21 


Solubility 
O. 
0.39 


10.42 


348.4 
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Although  these  two  adds  differ  rather  strikingly  in  melting  point  and  in  solubility, 
the  melting  point  of  the  S-add  is  not  lowered  by  admixture  of  a  small  amount  of  the 
7-acid.  Accordingly,  a  series  of  mixtures  was  made  containing  known  amounts  of  each 
acid,  and  the  temperatures  estimated  at  which  melting  began,  and  was  complete. 
The  results,  plotted  in  Pig.  1,  Curve  2,  showed  that  mixtures  melted  over  much  wider 
ranges  than  the  pure  substances,  and  that  the  formation  of  solid  solutions  (rather  com- 
mon among  the  higher  fatty  adds)  was  indicated.  All  the  evidence,  therefore,  indicates 
the  formation  of  2  different  sativic  adds  in  this  series  of  reactions. 

Oxidation  of  Linolic  Acid. — ^The  procedure  adopted  was  that  of  A.  RoUet,^'  essen- 
tially an  oxidation  with  cold,  dilute,  alkaline  permanganate.  The  product  was  dried 
and  extracted  with  ether  for  8  hours,  the  residue  being  a  white  powder  which  constituted 
a  54%  yidd  of  crude  sativic  acid.  It  mdted  at  162-8*,  and  recrystallization  from  al- 
cohol had  very  little  purifying  effect.  This  was  also  the  experience  of  RoUet;  but  his 
further  results^*  were  not  in  accordance  with  those  here  described.  Treatment  with 
benzol  had  no  appreciable  effect.  The  crude  product  was  therefore  treated  with  water, 
as  in  the  case  of  the  7-  and  8-adds. 

Twdve  g.  of  ether-extracted  sativic  acid  was  boiled  for  several  minutes  with  2.5 
liters  of  water  containing  4  cc.  of  cone,  hydrochloric  add.  The  solution  was  filtered  hot, 
and  the  filtrate  allowed  to  cool.  The  residue  was  boiled  again  with  addified  water,  and 
the  process  repeated  as  long  as  any  material  crystallized  as  the  solution  cooled.  To 
prevent  too  great  loss,  the  mother  liquor  from  the  first  fraction  was  used  as  solvent 
for  the  third  and  fifth  fractions,  and  that  from  the  second,  for  the  fourth  and  axth. 
Six  fractions  were  collected  as  shown. 

TABtB   II 


Fraction 

wt. 

G. 

M.  p. 

Fraction 

wt. 
G. 

M.  p. 

1 

2.30 

148-150 

4 

0.85 

170-171 

2 

1.95 

153.5-4.5 

5 

0.95 

169-170 

3 

1.60 

165-169 

6 

0.45 

169-171 

Other  samples  were  treated  in  the  same  way  with  similar  results.  The  mdting 
points  indicate  a  partial  separation  into  at  least  two  substances. 

The  various  fractions  of  several  preparations  were  recombined  to  form  three  new 
fractions:  A,  all  fractions  mdting  from  145^  to  150°;  B,  all  fractions  mdting  from 
152**  to  165°;  C,  all  fractions  mdting  from  170°  to  172*. 

Fraction  A  was  fractionated  into  14  portions  by  the  procedure  outlined  above. 
All  but  the  first  and  last  two  mdted  between  150**  and  154  ^  and  were  combined  and 
crystallized  several  times  from  glacial  acetic  acid  and  from  alcohol.  After  the  first  time, 
the  product  mdted  constantly  at  153°,  and  was  considered  to  be  pture  a-sativic  acid. 
A  further  quantity  of  identical  material  was  obtained  by  crystallizing  fraction  B  from 
acetic  add. 

When  Fraction  C  was  crystallized  from  acetic  add,  the  mdting  point,  after  the  first 
time,  remained  constant  at  170°.  This  material  is  evidently  the  sativic  acid  commonly 
described,  and  is  here  called  the  /3-add. 

While  it  is  fairly  obvious  from  the  data  given  that  these  two  products  are  different 
and  isomeric,  the  mdting  point  of  the  a-add  is  not  depressed  by  admixture  with  the  other. 
Curve  1  (Fig.  1),  which  shows  the  temperatures  at  which  mdting  begins,  and  at  which 
it  is  complete,  for  mixtures  of  various  compositions,  indicates  the.  formation  of  solid 

»«  A.  RoUet,  Z.  physioL  Chem,,  62,  410  (1909). 

"  A.  Rollet,  Ref.  12.  "When,  however,  the  substance  (t.  e.,  crude  sativic  acid) 
was  boiled  with  50  parts  of  benzol,  in  which  only  a  minimal  trace  dissolved,  and  was 
again  cnrstallized  from  alcohol,  the  mdting  point  was  171-3°." 
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Analyses 


«.Acid 

^Add 

M.  p.  170» 

% 

Calc.  for 
Ci.HW>t 

% 

Carbon 

61.66 
61.96 

62.14 
62.11 

62.03 

Hydrogen 

.       10.37 
10.66 

10.60 
10.40 

10.42 

Solubility 

G. 

G. 

100  g.  of  boiling  water  dissolves.. 

0.10 

0.04 

Equiv.   wt. 

(By   itration) 

349.0 

345.0- 

348.4 

solutions.  At  the  same  time,  it  adds  one  more  proof  that  the  two  adds  are  di£ferent. 
The  /3-acid  corresponds  closely  to  the  sativic  add  obtained  by  Hazura,^*  Rollet^* 
and  others.  With  the  possible  exception  of  Meyer  and  Beer*  no  previous  investigators 
have  mentioiied  separating  more  than  a  single  sativic  add  from  the  oxidation  of  linolic 
add.  However,  among  others,  Pahrion,^*  Krzizan,^^  and  Tsujimoto^*  have  described 
adds  meltins  from  152'^  to  168^.  These  or  some  of  them,  may  well  have  been  the 
o-add  in  various  degrees  of  purity. 


170- 

^^ 

-no 

IM- 

CuiivEl -^ 

::^ 

1^ 

-166 

l«t- 

-162 

IS8- 

/ 

-ISO 

154- 

/ 

-154 

150- 

•150 

146- 

Mixtures  of  y  and  6  ac^os 

. 

-146 

141- 

CunvEn.,^--'"'"''''^ 

^ 

■K2L 

154 

.^ 

-136 
134 

10 

20        30       40        so       60       70 

60 

•0 

Fig.  1. 
Mixtures  of  a  and  ^  acids. 

Melting  Points  of  Mixtures  of  Other  Sativic  Acids.— In  the  same  way 
as  has  been  described  for  the  pairs  7  and  h,  and  a  and  j3,  the  melting  points 
of  mixtures  of  the  other  4  pairs  were  investigated.  The  results  are  plotted 
in  Figs.  2  and  3.    In  each  of  these  4  cases,  the  eflfect  of  mixing  on  melting- 

^^Hazura,  Z,  angew.  Chem.,  1,  313  (1888). 

"  A.  RolTet.  Ref .  12.  p.  420. 

>•  Pahrion,  Z.  angew.  Chem.,  17,  1483  (1904). 

"Krzizan,  Chem.  Rev.  FeU  Hartzind.,  15,  8  (1908);  16,  3  (1909). 

"Tsujimoto,  ibid.,  18,  112  (1911). 
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point  lowering  was  distinct,  though  sometimes  rather  slight.  The  /3-{, 
and  to  a  lesser  degree  the  a-6  combination  showed  evidence  of  solid  solution 
formation.  The  a-fi  and  a-y  mixtures,  on  the  other  hand,  gave  no  such 
indications,  the  melting  points  being  quite  sharp. 
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Fig.  2. 
Solid  curves. 
Mixture  of  i  and  fi  acids. 
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Solid  curves. 
Mixture  of  y  and  a  acids. 


Stability  of  a-Satbic  Acid. — Acetic  anhydride  is  recognized  as  a  reagent 
which  in  certain  cases  is  capable  of  bringing  about  the  conversion  of  one 
stereo-isomer  into  another.  It  was  therefore  considered  worth  while  to 
show  that  the  7-  and  6-acids  were  not  formed  by  a  mere  rearrangement  of 
the  a-  and  /3-forms. 

One  g.  of  a-sativic  acid  was  refluxed  with  10  cc.  of  acetic  anhydride  and 
1  g.  of  potassium  acetate,  under  the  same  conditions  as  were  used  in  the 
transformation  of  dibromo-dihydroxy-stearic  acid.  The  product  was 
saponified  with  aqueous  alkali  as  already  described.  After  one  recrystalli- 
zation,  the  product  (0.75  g.)  melted  at  152-3°.  No  transformation,  there- 
fore, has  occurred,  and  a  further  testing  of  this  question  would  seem 
superfluous. 

Summary. 

1.  Two  distinct  isomeric  sativic  acids  (tetrahydroxy-stearic  acids) 
have  been  obtained  as  the  chief  products  of  the  oxidation  of  linolic  acid  by 
permanganate. 

2.  The  additions  of  h)rpochlorous  and  h)rpobromous  acids  to  linolic  acid 
have  been  studied  and  shown  to  take  place  readily  and  with  good  yields. 

3.  These  addition  products  give,  on  hydrolysis,  two  additional  sativic 
acids,  hitherto  unknown. 

4.  Attention  has  been  called  to  the  fact  that  there  are  4  possible  stereo- 
isomers corresponding  to  the  accepted  structural  formula  for  linolic  acid. 
From  a  consideration  of  the  4  sativic  acids  described  above,  it  is  shown  that 
only  2  of  these  isomeric  forms  occur  (at  least  in  important  amounts)  in 
linolic  acid  as  usually  prepared.  It  is  further  indicated  that  the  most 
probable  structures  for  this  pair  of  isomers  are  those  represented  by 
Formulas  II  and  V,  above. 

Chicago,  Illinois. 
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(Contribution  prom  thb  Chbuical  Laboratory  op  Tim  Univbrsity  op  Illinois.] 

THE    PREPARATION    OF    DIALKYL    MERCURY    COMPOUNDS 
FROM  THE  GRIGNARD  REAGENT. 

By  C.  S.  Marvbl  and  V.  L.  Gould. 

Received  August  5,  1921. 

Although  many  of  the  metal  alkyls  have  been  prepared  by  the  action 
of  the  Grignard  reagent  on  the  anhydrous  metal  halide,  this  method  has 
not  been  generally  applied  to  the  preparation  of  the  dialkyl  mercury 
compounds.  Diphenyl  mercury,^  dicyclohexyl  mercury*  and  dibenzyl 
mercury*  have  already  been  prepared  from  the  Grignard  reagent  and 
mercuric  chloride,  but  only  in  poor  yields.  This  method,  however,  may 
be  applied  to  the  preparation  in  good  yields,  of  various  dialkyl  mercury 
compounds.  .  The  present  paper  contains  a  description  of  some  of  these 
preparations  and  points  out  the  precautions  that  must  be  observed  to 
obtain  good  results. 

Many  reactions  have  so  far  been  used  in  the  preparation  of  dialkyl 
mercury  compounds,  but  all  give  poor  results  and  none  is  of  wide  appli- 
cation. The  method  which  has  been  most  commonly  and  successfully 
employed  is  the  treatment  of  an  alkyl  halide  with  dilute  sodium  amalgam 
in  the  presence  of  a  catalyst  such  as  ethyl  acetate.^  Even  this  reaction, 
however,  is  limited  to  primary  alkyl  halides.  As  a  consequence  the  mercury 
compounds  with  secondary  alkyl  groups  are  almost  unknown.  Di-s^c- 
butyl  mercury  has  been  prepared  by  the  electrolytic  reduction  of  methyl- 
ethyl  ketone  using  a  mercury  cathode,'  but  no  simple  method  has  pre- 
viously been  available  for  preparing  this  type  of  mercury  compound. 
When  an  excess  of  the  Grignard  reagent  reacts  with  a  mercuric  halide, 
there  is  formed  first  an  alkyl  mercury  halide,  which  is  then  converted  to  the 
dialkyl  mercury  compoimd.  The  first  reaction  goes  very  easily  but  a  large 
excess  of  Grignard  reagent  and  long  heating  are  necessary  to  bring  about 
the  second.  Either  mercuric  chloride  or  iodide  may  be  used  without 
changing  the  yield  of  dialkyl  mercury  compotmd.  Mercurous  chloride 
may  also  be  used,  but  the  yields  are  always  lower  than  those  obtained  from 
the  mercuric  salts.  It  is  quite  necessary  to  remove  any  tmchanged  mag- 
nesium from  the  Grignard  reagent  before  treating  it  with  the  mercuric 

»  Ber.,  37,  1127  (1904). 

»iWa..  47,  1655  (1914). 

«  /.  Chem.  Soc.,  101,  735  (1912);  Ber.  46,  64  (1913);  48,  907  (1915);  This  Journal, 
40,  1266  (1918). 

*/.  Chem.  Soc.,  16,  416,  418.  420  (1863);  19,  150  (1866).  Ann.,  130,  105,  109 
110  (1864);  139,  128  <1866);  154,  199  footnote  (1870).  Compt.  rend.,  76,  134  (1873); 
77,  1405  (1873).  Jahresber,  1873,  517.  /.  praki.  Chem.,  \2]  8,  397  (1873).  Ber.,  12, 
1880  (1879);  21,  2037  (1888).  This  Journal,  33,  1561  (1911);  40,  1269-71  (1918). 
Zentr.,  1921,  III.  26. 

» Ber.,  39,  3628  (1906). 
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halide,  or  reduction  to  the  mercurous  salt  occtirs  and  the  yields  are  lowered. 
When  these  precautions  are  observed,  dimethyl  mercury  is  formed  to  the 
extent  of  61-66%  of  the  calculated  amount;  di-ethyl,  60-63%;  di-w-propyl, 
45-51%;  di-i5c?propyl,  60%;  di-w-butyl,  47%.  From  these  results  it 
can  readily  be  seen  that  the  reaction  of  the  Grignard  reagent  with  mercuric 
halides  to  form  dialkyl  mercury  compounds  is  quite  general  and  is  not 
limited  in  its  application  as  are  the  older  methods. 

An  attempt  was  made  to  obtain  the  intermediate  alkyl  mercury  com- 
pound which  is  first  formed  when  the  Grignard  reagent  reacts  with  mer- 
curic chloride.  Methyl-magnesium  iodide  and  an  excess  of  mercuric 
chloride  give  methyl  mercury  iodide  in  85--88%  yields.  However,  if  an 
alkyl  magnesium  bromide  reacts  with  mercuric  chloride,  a  mixture  of 
alkyl  mercury  chloride  and  bromide  is  produced.  For  example,  «-butyl- 
magnesium  bromide  reacts  with  an  excess  of  mercuric  chloride  to  give  a 
product  melting  at  125.5-126**.  The  melting  point  is  not  changed  by 
several  crystallizations  from  alcohol  or  ligroin.  However,  the  product 
contains  both  chlorine  and  bromine,  and  a  quantitative  aiialysis  for  carbon 
showed  that  it  was  a  mixture  of  approximately  equal  parts  of  n-butyl- 
mercury  chloride  and  n-butyl-mercury  bromide.  The  piu^  chloride 
(from  di-n-butyl  mercury  and  hydrochloric  acid)  melts  at  125°  and  the 
pure  bromide  (from  di-«-butyl  mercury  and  hydrobromic  acid)  melts  at 
129**.  A  mixture  containing  approximately  equal  parts  of  these  two  sub- 
stances melts  at  125-126°  and  might  easily  be  mistaken  for  a  pure  sub- 
stance. Similar  results  were  obtained  using  propyl  and  isopropyl  mag- 
nesium bromides  with  mercuric  chloride.  There  is  no  doubt  that  pure 
substances  could  be  obtained  in  good  yields  if  the  halogen  of  the  alkyl 
halide  were  the  same  as  that  in  the  mercuric  salt. 

In  a  recent  report*  it  has  been  stated  that  an  excess  of  n-butyl-mag- 
nesium  bromide  reacts  with  mercuric  chloride  to  give  n-butyl-mercury 
bromide,  mercurous  chloride  and  only  small  amounts  of  di-n-butyl  mer- 
cury. In  the  same  article  it  is  claimed  that  n-butyl-magnesium  bromide 
reacts  with  an  excess  of  mercuric  chloride  to  give  n-butyl-mercury  bromide. 
In  view  of  the  results  which  have  been  given  above,  it  is  apparent  that  the 
statements  in  the  article  referred  to  are  based  on  results  obtained  without 
using  the  proper  precautions. 

The  analyses  given  in  this  paper  were  made  by  the  Parr  total  carbon 
method.^  This  method  is  much  more  satisfactory  for  mercury  com- 
pounds than  is  an  ordinary  combustion. 

Experimental. 
Dimethyl  Mercury. — ^The  Grignard  reagent  was  prepared  from  180  g.  of  methyl 
iodide  and  30  g.  of  magnesium  in  500  cc.  of  dry  ether.    After  fUtering  the  solution 


•  Science,  54,  No.  1384,  p.  37  (1921). 
'  Tbis  Journal,  26,  296  (1904). 
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thnxigh  glass  wool  to  remove  the  tmreacted  magnesium,  i  was  heated  to  boiling  under 
a  rAuz  condenser  of  wide  bbre.  .One  hundred  g.  of  powdered  mercuric  chloride  was 
added  through  the  condenser  in  5  to  lOg.  lots  over  a  period  of  about  45  minutes.  The 
reaction  proceeded  very  vigorously  and  the  mercuric  chloride  could  not  be  added  more 
rapidly  without  danger  of  losing  some  material  through  the  condenser.  Some  of  the 
mercniic  chloride  stuck  to  the  wall  of  the  condenser  and  had  to  be  pushed  down  occasion- 
ally by  means  of  a  glass  rod.  After  all  of  the  mercuric  chloride  had  been  added,  the 
reaction  mixture  was  refiuxed  for  10  to  12  hours  to  complete  the  reaction.  The  solution 
was  then  cooled  in  ice  and  the  excess  of  Grignard  reagent  was  destroyed  by  adding 
through  the  condenser  about  250  cc.  of  water.  The  water  was  added  very  slowly  to 
keep  the  reaction  from  becoming  too  vigorous.  After  the  water  had  been  added,  the 
ether  layer  was  separated  and  the  water  layer  extracted  once  with  100  cc.  of  ether. 
The  combined  ether  extract  was  washed  with  about  15  to  20  cc.  of  water,  dried  over 
calcium  chloride  and  carefully  distilled  using  a  good  column.  When  most  of  the  ether 
had  been  removed,  the  residue  was  transferred  to  a  smaller  flask  and  the  distillation 
was  completed.  All  of  the  ether  was  again  distilled  in  order  to  obtain  the  best  iridds 
of  dimethyl  mercury.  The  average  5rield  was  51  to  56  g.  (61-66%  of  the  calculated 
amount)  boiling  at  8^-92".  In  several  runs  irields  of  65  g.  (75%  of  the  calculated 
amount)  were  obtained.  There  is  always  a  small  amount  of  methyl  mercury  iodide 
left  in  the  distilling  flask.  The  boiling  point  of  dimethyl  merctuy  is  given  in  the  liter- 
ature as  91-92^'  93-96°»  and  95**.*"  A  sample  of  dimethyl  mercury,  after  careful 
purification  was  found  to  boil  at  92**  (cor.)  under  740  mm.  pressure. 

The  large  excess  of  Grignard  reagent  and  long  heating  seem  to  be  necessary  in  order 
to  obtain  good  yields.  Unless  the  ether  was  redistilled,  the  yield  was  10-15%  lower 
than  the  amounts  given  above.  In  one  run  the  mercuric  chloride  was  added  to  the 
Grignard  reagent  in  the  cold.  A  hard  cake  separated  in  the  bottom  of  the  flask  and  a 
very  poor  yield  of  dimethyl  mercmy  was  obtained.  When  the  unreacted  magnesium 
in  the  solution  of  the  Grignard  reagent  was  not  removed  before  adding  the  mercuric 
chloride,  the  yields  were  lowered. 

In  one  run,  using  180  g.  of  methyl  iodide  and  30  g.  of  magnesium,  170  g.  of  merctuic 
iodide  was  substituted  for  the  mercuric  chloride.  Fifty-two  g.  of  dimethyl  mercury  was 
obtained.  With  the  same  amount  of  Grignard  reagent,  137  g.  of  merctu*ous  chloride 
gave  only  27  g.  of  dimethyl  mercury. 

Di-ethyl  Mercury. — This  preparation  was  carried  out  in  essentially  the  same 
manner  as  described  for  dimethyl  mercury,  except  that  mechanical  stirring  was  used. 
The  Grignard  reagent  from  125  g.  of  ethyl  bromide  and  25  g.  of  magnesium  in  500  cc. 
of  anhydrous  ether  was  treated  with  97  g.  of  merctuic  chloride.  No  difficulty  was  ex- 
perienced in  separating  the  ether  from  the  di-ethyl  mercury.  It  was  found  best  to  distil 
the  product  under  reduced  pressure  to  avoid  decomposition.  The  irield  of  di-ethyl 
mercury  boiling  at  97-99**  under  126  mm.  pressure  was  55  to  59  g.  (60-63%  of  the  cal- 
culated amount).  The  boiling  point  of  di-ethyl  mercury  is  given  in  the  literature  as 
159**  at  atmospheric  pressure."  , 

When  an  equivalent  amount  of  mercuric  iodide  was  used  in  place  of  the  chloride, 
the  yield  was  not  changed. 

IM-it-propyl  Mercury. — The  Grignard  reagent  from  21  g.  of  magnesium  and  108  g. 
of  n-propyl  bromide  in  500  cc.  of  dry  ether  was  treated  with  98  g.  of  mercuric  chloride 
and  the  reaction  mixttu-e  worked  up  as  described  for  the  di-ethyl  mercury.    Forty-seven 

«  /.  Chem,  Soc.,  105,  668  (1914). 
•Ann.,  106,  104  (1858). 
>•  This  Journal,  40,  1271  (1918). 
"  Ann.,  130,  109  (1864). 
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to  53  g.  (45-51%  of  the  calculated  amount)  of  di-n-propyl  mercury  boiling  at  81-84* 
at  19  mm.  was  obtained.  The  boiling  point  of  di-rt-propyl  mercury  is  given  in  the 
literature  as  189-191®  at  atmospheric  pressure." 

Di-^'50propyl  Mercury. — The  Grignard  reagent  prepared  from  24.5  ^.  of  magnesium 
and  130  g.  of  »5opropyl  bromide  was  treated  with  80  g.  of  mercuric  chloride.  The 
yield  of  di-iw-propyl  mercury  was  50-51  g.  (60%  of  the  calculated  amount)  boiling 
at  11^121**  at  125  mm. 

Analysis.  Subs.,  0.4693:  258.2  cc.  of  CO,  (28**  and  741.4  mm.).  Calc.  for  C^Hia- 
Hg:    C,  25.17.    Found:    25.07. 

This  compound  has  already  been  obtained  in  small  quantities  by  the  electrolytic 
reduction  of  acetone,  using  a  mercury  cathode,"  but  no  constants  have  been  recorded. 

Di-n-butyl  Mercury."  — The  Grignard  reagent  prepared  from  21  g.  of  magnesium 
and  134  g.  of  n-butyl  bromide  was  heated  with  98  g.  of  mercuric  chloride.  It  was  neces- 
sary to  distil  the  product  a  second  time  to  remove  all  of  the  n-butyl-mercury  halide 
that  was  carried  over  in  the  first  distillation.  The  yield  of  di-n-butyl  mercury  was 
55  to  56  g.  (47%  of  the  calculated  amount)  boiling  at  120-123**  at  23  mm.  About 
42  g.  of  a  mixture  of  merctuy  butyl  halides  was  left  in  the  distilling  flask.  The  di-n- 
butyl  mercury  was  pure  after  a  second  distillation,  as  is  shown  by  the  analysis. 

Analyses.  Subs.  0.3862,  0.3314;  COi,  265.7  cc.  (32''  and  739.4  mm.).  229.5  cc. 
(34 °  and  745.2  mm.) .    Calc.  for  CgHwHg :  C,  30.57.     Found :  30.54, 30.60. 

The  boiling  point  of  di-n-butyl  mercury  is  given  in  the  literature  as  117-118®  at  10 
mm.^ 

A  few  cc.  of  di-n-butyl  mercury  was  dissolved  in  alcohol  and  a  little  hydrochloric 
acid  added.  After  standing  overnight,  n-butyl-mercury  chloride  had  crystallized  from 
the  solution.  This  was  filtered  with  suction  and  recrystallized  from  alcohol.  Pearly 
white  crystals  with  a  melting  point  of  125**  were  obtained.  The  melting  point  given  in 
the  literature  is  125.5®." 

Analysis.  Subs.,  0.6000:  CO,, 226.2 cc.  (37®  and  741.5  mm.).  Calc.  for  C4H,HgCl: 
C,  16.41.     Found:    16.24. 

In  a  similar  manner  n-butyl-mercury  bromide  was  prepared  and  purified.  The 
melting  point  is  129®;  that  given  in  the  literature  is  128®." 

Analysis.  Subs.,  0.6000:  CO,,  190  cc.  (34.5®  and  742.2  mm.).  Calc.  for  C4H9HgBr : 
C,  14.24.    Found:    13.96. 

Methyl-mercury  Iodide. — ^The  Grignard  reagent  was  prepared  from  2.4  g.  of 
magnesium  and  15  g.  of  methyl  iodide  in  50  cc.  of  anhydrous  ether.  The  ether  solution 
of  methyl-magnesium  iodide  was  filtered  through  a  little  glass  wool  to  remove  any  un- 
reacted  magnesium.  In  a  flask  fitted  with  a  stopper  carrying  a  reflux  condenser,  drop- 
ping funnel  and  a  stirrer  running  in  a  mercury  seal  were  placed  30  g.  of  mercuric  chloride 
and  150  cc.  of  dry  ether.  The  stirrer  was  started  and  the  solution  of  Grignard  reagent 
was  added  from  the  dropping  funnel  at  such  a  rate  that  the  ether  refluxed  gently.  The 
reaction  mixture  was  refluxed  for  1  hour  after  all  of  the  Grignard  reagent  had  been 
added.  .  A  little  water  was  then  added  and  the  ether  removed  by  distillation.  About 
200  cc.  of  water  and  5  to  10  cc.  of  cone,  hydrochloric  acid  were  added  to  the  residue  to 
dissolve  the  excess  of  mercuric  chloride  and  the  magnesium  compounds  formed  during  the 

"  Jahresber.,   1873,   517. 

w  Ref.  5,  p.  3626. 

"  While  this  paper  was  being  written,  an  abstract  of  an  article  describing  di-n- 
butyl  mercury,  n-butyl-mercury  chloride  and  n-butyl-mercury  bromide  appeared  in 
Zenir.,  1921,  III,  26.  As  the  original  article  was  not  available  for  comparison,  analyses 
have  been  given  in  order  to  prove  that  these  compounds  were  pure. 

«Cf.   Ref.    14. 
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reaction.  The  methyl-mercury  iodide  was  filtered  with  suction  and  recrystallized 
from  boiling  alcohol.  The  yield  was  29  to  30  g.  (85-88%).  The  product  was  light 
sreOow  in  color  and  had  a  melting  point  of  142-143'^.  The  melting  point  given  in  the 
liieraturc  is  143^»« 

Action  of  fi*Btttyl-magnesium  Bromide  on  an  Excess  of  Mercuric  Chloride. — 
The  Grignard  reagent  was  prepared  from  15  g.  of  n-butyl  bromide  and  2.4  g.  of  mag- 
nesium in  50  cc.  of  dry  ether.  This  was  added  to  a  suspension  of  30  g.  of  mercuric 
chloride  in  150  cc.  of  dry  ether  and  worked  up  as  described  in  the  preceding  experiment. 
Twenty-five  to  26  g.  of  product  melting  at  125.5-126*'  was  obtained  after  recrystallization 
from  alcohol.  It  may  be  recrystallized  from  either  alcohol  or  ligroin  without  changing 
the  melting  point.  Qualitative  tests  show  the  presence  of  chlorine  and  bromine.  The 
quantitative  analysis  for  carbon  shows  that  this  product  is'  a  mixture  of  almost  equal 
parts  of  «-butyl-mercmy  chloride  and  «-butyl-mercury  bromide. 

Analyses.  Subs.,  0.6000,  0.600:  CO,,  206  cc.  (32.5**  and  744.2  mm.),  208  cc. 
(33.5'  and  744.0  mm.).  Calc.  for  C4H9HgCl:  C,  16.41;  calc.  for  C4H,HgBr:  C,  14.25. 
Found:    15.29.  15.34. 

A  mixture  containing  approximately  equal  parts  of  pure  n-butyl-merctuy  chloride 
and  ii-butyl-mercury  bromide  was  prepared  and  the  melting  point  was  found  to  be 
125-126**. 

fi-Propyl-magnesium  bromide  and  fjopropyl-magnesium  bromide  give  similar 
mixtures  when  allowed  to  react  with  an  excess  of  mercuric  chloride. 

Suxnmary. 

1.  The  reaction  between  an  excess  of  the  Grignard  reagent  and  a  mer- 
curic halide  has  been  shown  to  furnish  a  very  satisfactory  method  for  the 
preparation  of  di-alkyl  merairy  compounds,  provided  the  proper  precau- 
tions are  observed. 

2.  Mercury  compounds  containing  primary  and  secondary  alkyl  groups 
can  be  prepared  by  this  reaction.  Compounds  with  tertiary  alkyl  groups 
could  undoubtedly  be  prepared  by  the  same  method. 

3.  An  alkyl  magnesium  bromide  reacts  with  excess  of  mercuric  chloride 
to  give  a  mixture  of  alkyl  mercury  chloride  and  bromide.  To  obtain  these 
compounds  piuie,  the  halogen  of  the  alkyl  halide  must  be  the  same  as  the 
halogen  of  the  mercuric  salt. 

Urbana,  Illinois. 

»  Ann.,  85,  363  (1853). 
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Armstrong  and  Harrow^  found  that  when  2,4,6-tribromophenol  was 
gradually  added  to  cone,  nitric  add  (relative  amounts  employed  are  not 
specified)  2  of  the  halogen  atoms  were  replaced  by  nitro  groups  and  that 
the  product  was  2,4-dinitro-6-bromophenol.  In  a  second  experiment, 
when  the  trihalogenated  phenol  was  dissolved  in  glacial  acetic  add,  one 
molecular  proportion  of  nitric  acid  added,  and  the  whole  heated  for  some 
time  on  the  water-bath,  the  para  bromine  atom  only  was  displaced,  and 
2,6-dibromo-4-nitrophenol  was  obtained  The  use  of  more  nitric  acid 
gave  the  dinitro  compound  mentioned  above. 

Clans  and  Hirsch*  who  studied  the  action  of  cone,  nitric  add  on  2,4,6- 
tribromo-w-cresol  in  glacial  acetic  add  solution  in  the  cold,  isolated  a 
mononitro-dibromo  derivative  mdting  with  decomposition  at  143**,  to 
which  they  assigned  the  structure,  2,6-dibromo-4-nitro-m-cresol. 

Foster*  working  under  the  direction  of  Zincke,  found  that  treatment 
of  a  gladal  acetic  add  solution  of  2,4,6-tribromo-fn-cresol  with  sodium 
nitrite  gave  a  yidd  of  83%  of  a  mononitro-dibromo  derivative  melting  at 
128°  (Foster  says  nothing  about  decomposition  upon  mdting)  to  which 
he  gave  the  structure  2,6-dibromo-4-nitro-w-cresol,  evidently  identical 
with  the  product  obtained  by  Clans  and  Hirsch.  Zincke*  has  summarized 
this  and  similar  work  done  by  himself  and  students  on  the  bromine  de- 
rivatives of  ortho,  meta  and  para  cresols,  and  has  teached  the  condusion 
that  in  the  meta  series  this  method  of  nitration  gives  products  in  which  the 
halogen  atom  para  to  hydroxyl  is  replaced  by  the  nitro  group,  while  in  the 
ortho  and  para  series  the  atom  oriho  to  hydroxyl  is  replaced.  In  no  case  has 
he  reported  the  formation  of  isomeric  compounds  as  the  result  of  a  single 
nitration. 

It  has  long  been  known  that  phenol  and  the  cresols,  except  the  para 
compound,  usually  give  when  nitrated  a  mixture  of  ortho  and  para  iso- 
merides;  but,  so  far  as  the  author  is  aware,  no  one  previous  to  1910*  has 
recorded  the  formation  of  isomeric  nitro  compounds  as  a  result  of  the  nitra- 
tion of  a  halogenated  phenol.    In  1911  Raiford*  had  occasion  to  prepare 

1  Armstrong  and  Harrow,  /.  Chem.  Soc.,  29,  477  (1876). 
s  Claus  and  Hirsdi,  /.  praki,  Chem.,  [2]  39,  61  (1889). 
'Poster,  Dissertation,  Marburg,  1898. 
« Zincke,  /.  prala.  Chem,,  [2]  61,  561  (1000). 

•  Raiford  and  Heyl,  Am,  Chem,  J„  43,  393  (1910),  and  44,  209  (1910). 

•  Raiford,  Am.  Chem.  J„  46,  417  (1911). 
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as  Starting  material  ia  another  study^  a  considerable  quantity  of  2,6- 
dibromo-4-nitro-m-cresol  (0H  =  1),  and  found  a  modification  of  Zincke's 
method  of  nitration  of  2,4,6-tribromo-fn-cresol  the  most  convenient  way 
of  securing  the  desired  product.  Following  the  general  directions  given 
by  Foster,'  with  the  exception  that  these  experiments  were  carried  out  at  a 
temperature  of  12-15^,  and  the  reaction  mixttu-e  was  poured  into  water 
as  soon  as  all  nitrite  had  dissolved,*  I  found  that  the  reaction  gave  isomeric 
mononitro-dibromo  compounds  that  were  proved  very  decisively  to  be 
2,4-dibromo-6-nitro-  and  2,6-dibromo-4-nitro-m-cresols,  m.  p.  87  **  and 
134®  (with  decomp.)»*  respectively. 

To  test  the  possibilities  of  this  reaction  still  further,  Raiford  and  Heyl* 
subjected  2,4,6-tribromophenol  and  the  corresponding  tri-iodo  compound 
to  the  action  of  nitrous  add  under  the  conditions  specified  above,  and  fpund 
that  in  each  case  there  were  formed  isomers  in  which  the  artho  and  the 
para  halogen  atoms,  respectively,  were  replaced  by  the  nitro  group. 

In  the  course  of  a  research  now  in  progress  in  this  laboratory,  it  was 
found  necessary  to  prepare  considerable  quantities  of  several  ortho-axrimO' 
phenols  containing  add-forming  substituents,  and  it  was  thought  that  this 
might  be  done  most  easily  through  Zincke's  method,  starting  with  the 
various  halogenated  phenols  which  are  readily  obtained  in  good  3neld  and 
which,  according  to  his  experience,  are  not  diffictdt  to  purify. 

The  fia^t  product  sdected  for  this  work  was  the  dibromo-(?-cresol, 
first  prepared  by  Werner,^**  and  to  which  Claus  and  Jackson^^  assigned  the 
structure,    2,4-dibromo-(?-cresol. 

Upson^'  nitrated  this  compound  according  to  Zincke'is  method,  modified 
to  the  extent  of  allowing  the  reaction  mixttu-e  to  stand  overnight  before 
it  was  poured  into  water;  the  nitro  compound  was  isolated  by  distillation 
with  steam.  His  study  of  the  product  showed  that,  in  the  nitration,  the 
bromine  atom  ortho  to  hydroxyl  had  been  replaced  by  the  nitro  group. 
In  1906,  Zincke  and  Hedenstr6m^*  nitrated  the  same  dibromo-o-cresol, 
and  obtained  a  product  that  agreed  in  mdting  point  and  other  properties 
with  Upson's  compotmd.  Without  reference  to  the  work  of  the  latter,  and 
without  recording  any  facts  to  support  their  views,  Zincke  and  Heden- 
"*  Though  this  work  was  not  published  until  1911,  the  experimental  part  of  it  was 
done   in   1908. 

*  Poster  specified  no  temperature  limitations,  and  allowed  his  reaction  mixture  to 
stand  until  crystals  were  deposited. 

*  Though  the  melting  points  of  these  products  did  not  agree  with  the  figures  given 
by  previous  observers  for  the  same  compounds  (Claus  and  Hirsch*  found  93^  for  the 
ortho  compound  and  143*  for  the  para  isomer,  while  Foster*  recorded  128®  for  the  latter 
one)  there  is  no  doubt  about  the  structture  and  purity  of  my  products. 

>•  Werner,  BM,  sac.  cUm„  46,  278  (1866). 

"  Claus  and  Jackson,  /.  prakt.  Chem.,  [2]  38,  326  (1888). 

"  Upson.  Am.  Chem,  J.,  32,  33  (1904). 

IS  Zincke  and  Hedenstrdm,  Ann,,  350,  269  (1906). 
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Strom  assumed  that  their  product  was  an  ortko  derivative.  Bach  of  the 
previous  workers,  however,  appears  to  have  overlooked  the  fact  that  this 
nitration  gives  rise  to  both  ortho  and  para  isomerides.  In  the  work  de- 
scribed below  it  will  be  shown  that  it  is  possible  to  isolate  from  the  reaction 
mixture  two  mononitro-monobromo-^Mresols  having  the  structures 
2-nitro-4-bromo-{?-cresol  (m.  p.  90-91  **)  and  2-bromo-4-nitro-o-cresol, 
(m.  p.  120°  with  decomp.)- 

Experimental. 

The  starting  material  employed  in  this  work  was  o<resol,  obtained  by 
fractionating  the  purest  commercial  product  obtainable.  The  fraction 
boiling  steadily  at  190°  was  brominated  according  to  Zincke's^*  method 
modified  to  the  extent  that  the  product  was  filtered  once  just  before 
evaporation  of  the  solvent,  and  again  when  the  solvent  ceased  to  come  over 
on  the  water-bath;  this  removes  foreign  material  which  would  otherwise 
contaminate  the  crystals  to  be  separated  eventually.  The  final  liquid, 
which  was  thick  and  viscous,  was  poured  into  an  evaporating  dish  and 
allowed  to  crystallize  by  evaporation  of  the  remaining  solvent.  The 
product  thus  obtained  melted  at  57°,  the  temperature  recorded  by  Zincke, 
and  was  nearly  free  from  color.  Repeated  crystallization  from  50% 
alcohol  gave  long  silky  needles  that  were  free  from  color,  and  melted.at  58°. 

Twenty-six  and  six-tenths  g.  of  this  dibromo  derivative  was  dissolved 
in  about  10  times  its  weight  of  glacial  acetic  acid,  and  the  resulting  solution 
was  cooled  to  about  18°;  then  10%  more  than  the  calculated  weight  of 
sodium  nitrite  was  added  in  small  portions  during  a  period  of  half  an  hour. 
When  all  of  the  nitrite  had  dissolved,  the  liquid  was  slowly  poured  into 
6  volumes  of  cold  water,  while  the  mixture  was  stirred.  It  was  allowed 
to  stand  for  several  hours,  after  which  the  yellow  solid  was  removed  by 
filtration,  washed  with  water  and  dried  on  day  plate.  A  yield  of  90% 
was  obtained.  This  material  melted  at  72-79°,  which  suggested  the 
possibility  of  a  mixture.^* 

Separation  of  the  Isomers. 

In  the  first  attempt  to  purify  this  material,  it  was  subjected  to  steam 
distillation  as  recommended  by  Upson."  The  volatile  product  came 
over  very  slowly,  and  was  not  pure.  Repeated  crystallization  of  the  dis- 
tillate from  alcohol  gave  a  product  having  the  melting  point  and  other 
properties  reported  by  Upson  and  by  Zincke  (88°) ;  but  further  purification 
in  the  form  of  the  potassium  salt,  decomposition  of  this  salt  by  hydrochloric 
acid,  and  final  crystallization  from  alcohol  or  ligroin,  gave  yellow  needles 
that  melted  at  90-91°.    In  the  present  work  examination  of  the  non- 

»*Rcf.    13,   p.   276. 

"  A  mixture  of  these  isomers,  purified  as  indicated  in  this  paper,  melts  at  81-115*, 
with  final  indication  of  decomposition. 
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volatile  material  yielded  an  isomeride  which  was  proved  (see  below)  to 
have  the  para  structure. 

A  method  of  separating  these  isomers  which  is  much  more  satisfactory 
than  that  indicated  above,  was  to  treat  the  warm  chloroform  solution 
of  the  crude  nitration  product  with  about  4  volumes  of  ligroin  (b.  p.  GO- 
TO °) ,  and  allow  the  resulting  mixture  to  stand  for  about  24  hours.  ^  •  During 
this  time,  most  of  the  para  compound  crystallized  out.  After  decanting 
the  dear  supernatant  liquid,  which  contained  the  ortho  compound,  the 
para  isomer  was  collected  and  dried.  An  average  yield  of  10  to  12% 
from  several  nitrations  was  obtained.  In  this  condition  the  material 
was  dark  colored,  and  melted  at  110-112°  with  apparent  decomposition. 
Repeated  crystallization  from  benzene  gave  lemon-yellovv  colored  blocks, 
apparently  rhombic  in  shape,  and  nearly  transparent  when  first  removed 
from  the  mother  liquor.  When  allowed  to  stand  for  some  time  in  the  air 
these  crystals  lost  their  transparency,  while  the  blocks  appeared  to  split 
into  a  mass  of  opaque,  yellow  irregularly-shaped  crystals.  The  compound 
is  soluble  in  other  organic  solvents;  a  portion  was  crystallized  from  glacial 
acetic  acid.  All  samples  of  the  pure  product  melted  at  120**  with  apparent 
decomposition. 

This  product  is  probably  identical  with  that  obtained  by  Auwers^^ 
by  the  bromination  of  />-nitro-o-cresol,  though  he  reports  that  his  product 
separated  in  "white  needles  from  acetic  acid.'*  Apparently  by  the  nitra- 
tion of  (?-bromo-o-cresol,  the  same  compound  was  obtained  by  Robertson  *• 
who  got  "white  crystals  before  the  nitration  was  complete,"  and  secured 
the  purified  product  in  the  form  of  "white  crystals  from  alcohol."  So 
far  as  the  records  go,  the  identity  of  the  products  obtained  by  these  chemists 
rests  solely  upon  the  accepted  structures  of  the  starting  materials  and 
analyses  of  the  final  product  for  bromine.  Neither  proved  further 
the  structiu-e  of  his  product,  and  Robertson  studied  only  its  po- 
tassium salt.  In  view  of  these  facts  and  because  my  product  was  not 
"white"  and  had  been  obtained  from  a  different  starting  material  and  by  a 
method  different  from  that  used  by  either  of  the  previous  workers,  it 
was  analyzed  for  bromine,  and  its  identity  and  structure  definitely  estab- 
lished by  the  preparation  and  study  of  several  of  its  derivatives. 

Subs..  0.1916:  AgBr,  0.1596.     Calc.  for  C7H«0»NBr:  Br,  34.46.      Found:  34.54. 

The    Hydrochloride    of   2-Hydrozy-3-bromo-5-aminotoluene,    C«HsCHs(OH)Br- 

(NHjHCl). — Ten  g.  of  the  nitro  compound  described  above  was  dissolved  in  30  cc.  of 

alcohol,  and  reduced  with  a  hydrochloric  acid  solution  of  stannous  chloride  in  the  usual 

^'  Attention  is  here  called  to  the  fact  that  this  method  of  separation  of  the  isomers 
that  restdted  from  the  nitration  of  2-4-6-tribromo-m-cresoI  (Am.  Chetn,  J.,  46,  427 
(1911))  caused  an  immediate  precipitation  of  the  para  isomeride  in  a  nearly  pure 
condition. 

"Auwers,  Ber.,  39,  3174  (1906). 

"  Robertson,  /.  Chem.  Soc,  93,  788  (1908). 
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way.^*  The  product  obtained,  which  was  faintly  yellow,  was  finally  secured  as  perfectly 
colorless  crystals,  free  from  tin  salt/  after  two  further  crystallizations.  The  compound 
is  readily  soluble  in  water  (di£ference  from  the  artho  compound,  see  below)  and  in  alcohol. 
Analysis  for  halogen  agrees  with  the  formula  assigned. 

Analysis.  Subs.,  0.2056:  Ag  Hal.,  0.2868.  Calc.  for  C7H.0NClBr:  Hal.,  48.40. 
Found:    48.60. 

2>Hydrozy-3-bromo-5-amiootoluene,  C«HsCHtOHBrNHs. — ^This  free  base  was 
obtained  by  treatment  of  an  aqueous  solution  of  the  hydrochloride  above  described 
with  slightly  more  than  the  theoretically  required  amount  of  ammonium  carbonate 
solution.  The  aminophenol,  which  was  promptly  precipitated,  was  quickly  collected 
on  a  filter,  washed  with  several  small  portions  of  cold  water,  and  then  dried  on  day  plate. 
It  melted  at  142*"  with  apparent  decomposition.  From  ligroin  (b.  p.  100-110°)  it  sepa- 
rated as  crystalline  plates  that  had  a  slight  pink  color,  and  that  melted  at  144°,  and 
turned  black. 

Analyses.^^  Subs.  0.2039,  0.2169:  AgBr,  0.1901,  0.2014.  Calc.  for  CrHsONBr : 
Br.  39.57.    Found:  39.67,39.61. 

2-Bromo-4-acetylamino-6-methylphenyl  Acetate,  C«Hs(OCOCHt)Br(NHCX)CHs)- 
CH|. — ^This  compotmd  was  prepared  by  warming  a  mixture  of  3.3  g.  of  the  hydrochloride 
mentioned  above  and  an  equal  weight  of  anhydrous  sodium  acetate  with  a  slight  excess 
of  acetic  anhydride  for  about  10  minutes.  The  cold  reaction  mixture  was  freed  from 
sodium  salts  by  extraction  with  water,  after  which  the  acetyl  derivative  was  collected 
on  a  filter  and  dried;  3.63  g.  was  obtained,  a  yield  of  93%.  In  this  condition  the  product 
melted  at  165-167°,  and  was  nearly  pure.  Repeated  crystallization  from  ethyl  acetate 
gave  short,  colorless  prisms  that  were  clear  and  glass-like  when  SQen  under  the  micro- 
scope, and  which,  in  masses,  viewed  with  the  naked  eye,  gave  a  very  faint,  bluish  re- 
flection. The  melting  point  was  169-170°.  A  sample  puxified  by  treatment  of  a  chloro- 
form solution  of  the  compound  with  two  volumes  of  ligroin  (60-70°)  gave  small  colorless 
flakes  that  melted  at  169°.  The  substance  does  not  dissolve  readily  in  caustic  alkali 
solution,  and  was  regarded  as  a  di-acetyl  derivative.  Analysis  for  bromine  was  in 
accord  with  this  view. 

Analysis.  Subs.,  0.3391:  AgBr,  0.2246.  Calc.  for  diHuOiNBr:  Br,  27.95. 
Found:    28.18. 

2-Hydrozy-d-bromo-5-acetylaniino-tolttene,  C«HjCHi(OH)Br (NH.COCHi) .—This 
product  was  obtained  by  removal  of  the  0-acetyl  from  the  di-acetyl  derivative  described 
above,  by  saponification.  0.87  g.  of  the  latter  was  mixed  with  30  cc.  of  cold  water  con- 
taining 0.25  g.  of  sodium  hydroxide  (two  equivalents),  and  the  mixture  frequently 
shaken  during  a  period  of  several  hours,  after  which  it  was  allowed  to  stand  overnight. 
Nearly  all  of  the  solid  passed  into  solution,  giving  a  pink  colored  liquid.  The  mixture 
was  next  filtered,  the  residue  washed  with  water  and  dried.  Its  melting  point  ( 169-170  °) 
and  other  properties  showed  that  it  was  unchanged  di-acetyl  derivative.  When  the 
combined  filtrate  and  washings  was  acidified  with  hydrochloric  add,  a  gray  solid  was 
precipitated  at  once.  This  was  collected  on  a  filter,  washed  with  several  portions  of 
water  and  dried  on  day  plate.  The  product  in  this  form  mdted  at  154-155°.  It  was 
readily  soluble  in  a  solution  of  sodium  hydroxide,  and  from  this  it  was  predpitated  in  the 
unchanged  form  by  adds;  this  behavior  indicated  the  presence  of  a  free  hydroxyl  group. 
It  was  further  purified  by  crystallization  from  benzene,  from  which  it  separate  in  the 
form  of  nearly  colorless  needles.  Analysis  for  halogen  is  in  accord  with  a  formula 
requiring  one  acetyl  radical.** 

»» Ref.  6,  p.419. 

^  I  am  indebted  to  Miss  E.  Mackintosh  for  these  analyses. 

»  I  am  indebted  to  Messrs.  H.  A.  Iddles  and  P.  Glavincheff  for  these  analyses. 
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Analyses,    Subs.,  0.1270,  0.1365:  AgBr,  0.0987,  0.1049.      Calc.  for  C»Hi«OsNBr: 
Br,  32.76.    Pound:  33.06.32.75. 

Proof  of  the  Stracture  of  the  Nitre  Compound,  Melting  at  120''. 

The  derivatives  prepared  and  analyzed  up  to  this  point  show  that  the 
nitro  compound  melting  at  120®  has  the  composition  assigned  to  it  by 
Auwers  and  Robeitson.  To  determine  the  relative  positions  of  the  hydrox- 
ide and  nitro  radicals,  a  portion  of  the  corresponding  amino  compotmd 
(see  above)  was  pr^ared  and  its  oxidation  product  studied.  One  and 
two-tenths  g.  of  the  amino  hydrochloride  described  above  was  dissolved 
in  30  cc.  of  water  containing  3.25  g.  of  ferric  chloride,  and  the  mixture 
allowed  to  stand  overnight.  The  solid  present  at  the  end  of  the  period 
was  filtered  oflF,  washed  with  water  and  dried  on  a  clay  plate.  It  weighed 
0.75  g.  which  is  a  yield  of  73%.  In  this  form  it  melted  at  93  ^  which  is  the 
temperature  reported  by  Claus  and  Jackson^^  for  6-bromo-2-methyl-l,4- 
benzoquinone.  Crystallization  from  ligroin  (b.  p.  60-70°)  gave  orange 
cdored  prisms  that  melted  at  95® 

Further  identification  of  the  product  was  obtained  by  reduction  to  the 
corresponding  hydroquinone.  For  this  purpose  0.5  g.  was  groimd  to  a 
paste  with  10  cc.  of  water,  the  mixture  saturated  with  sulfur  dioxide,  warmed 
until  solution  took  place,  cooled  to  the  room  temperature,  again  saturated 
with  the  gas,  and  allowed  to  stand  overnight.  The  nearly ,colorless  liquid 
was  extracted  with  ether,  the  ether  distilled,  and  the  remaining  viscous, 
nearly  colorless  liquid  poiu^d  on  a  watch  crystal.  After  a  time  it  set  to 
a  mass  of  slightly  bluish  irregularly  shaped  crystals  that  melted  at  115**. 
Qaus  and  Jackson^ ^  rep'ort  112®  as  the  melting  point  of  this  compound. 
The  product  was  further  pimfied  by  treatment  of  a  hot  satiu^ted  benzene 
solution  of  the  material  with  two  volumes  of  ligroin,  when  nearly  colorless 
leaflets  were  deposited  upon  cooling.    These  melted  at  117**. 

The  identity  of  the  latter  product  was  still  fiu^her  established  by  con- 
versicm  of  a  portion  of  it  into  a  di-acetyl  derivative;  0.48  g.  was  mixed 
with  an  equal  weight  of  anhydrous  sodium  acetate  and  heated  with  acetic 
anhydride.  After  the  product  cooled,  the  sodiiun  salt  and  unchanged 
anhydride  were  removed  by  water,  and  the  solid  was  collected  on  a  filter, 
washed  and  dried;  0.58  g.  was  obtained,  a  yield  of  92%.  The  crude 
product  melted  between  75**  and  80**.  Crystallization  from  ligroin 
(lOO-llO**)  gave  colorless,  flat  rhombohedrons  that  melted  to  a  clear  color- 
less liquid  at  79**.  Claus  and  Jackson"  acetylated  this  hydroquinone  and 
obtained  a  product  that  melted  at  57**  which  they  did  not  analyze  or 
study  further.  My  product  did  not  dissolve  in  a  solution  of  caustic  alkali 
and  the  analysis  for  bromine  is  in  accordance  with  the  formula  for  a 
di-acetyl  derivative. 

Subs.  0.2341:    Ag  Br,  0.1551.     Calc.  for  CuHuOiBr:   Br,  27.85.    Found:   28.19- 

The  inonoaitro-monobromo-(?-cresol  melting  at  90-91**,  which  was  iso- 
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lated  from  the  same  reaction  mixture  as  that  one  the  derivatives  of  which 
have  just  been  described,  had  previously  been  prepared  by  both  Upson" 
and  Zincke*  and  was  identified  by  the  former  as  an  ortho  compound. 
The  work  herewith  reported  shows  that  it  is  isomeric  with  the  product 
melting  at  120®  (see  above)  and  which  has  just  been  proved  to  have  the 
para  structiu-e.  My  interest  in  these  products  lay  in  the  probability  that 
the  corresponding  amino-cresols,  only  one  of  which  had  hitherto  been 
isolated,  and  this  without  the  study  of  any  of  its  derivatives  or  the  proof 
of  its  structure,  would  provide  suitable  compoimds  "with  which  to  test 
further  the  migration  of  acyl  from  nitrogen  to  oxygen  previously  reported 
from  this  laboratory.*'  Accordingly,  the  reduction  products  and  a  few 
derivatives  were  prepared. 

The  Hydrochloride  of  2-amino-4-bromo-6-methylphenol,  CeHaOHCNHiHCl)- 
BrCHs. — This  product  was  obtained  by  reducing  the  corresponding  nitro  compound 
with  stannous  chloride  in  the  usual  way.  It  is  much  less  soluble  in  water  than  the 
Para  isomer  (see  above),  which  made  it  necessary  to  use  50%  alcohol  in  the  crystalliza- 
tions required  to  free  the  compound  from  tin  salt.  Analysis  for  halogen  showed  that  the 
substance  was  pure. 

Analysis.  Subs.,  0.2396:  Ag  Hal.,  0.3349.  Calc.  for  C7H,0NClBr:  Hal.,  48.40. 
Found:  48.70. 

2-Amino-4-bromo-6-methylphenol,  CeHsOHNHiBrCHt. — ^A  base  having  this 
composition  and  probably  this  structure  was  isolated  by  Claus  and  Jackson"  who  did 
not  study  it  further.  In  my  work  the  product  was  obtained  from  the  corresponding 
hydrochloride  by  triturating  a  thin  paste  of  this  salt  and  water  with  the  theoretical 
amount  of  ammonium  carbonate  solution  until  effervescence  ceased,  and  quickly  filtering 
the  mixture.  After  it  was  dried  on  day  plate,  this  material  melted  at  113  ^  and  recrys- 
tallization  by  treatment  of  its  warm  alcoholic  solution  with  water  did  not  change  this. 
Analysis  for  halogen  gave  figures  that  are  in  accord  with  the  formula  assigned. 

Analysis.  Subs.,  0.1793:  AgBr,  0.1675.  Calc.  for  CTHgONBr:  Br,  39.56. 
Found:    39.75. 

2-Acetylamino-4-bromo-6-methylphenyl  Acetate,  CeHsCOCOCHi)  (NHCOCHt)- 
BrCHs. — The  base  described  above  was  still  further  characterized  by  the  preparation 
of  its  acetyl  derivative.  4.77  g.  of  the  hydrochloride  was  intimately  mixed  with  an 
equal  weightof  anhydrous  sodium  acetate  and  the  mixture  warmed  for  15  minutes  with 
excess  of  acetic  anhydride.  The  mass  was  cooled,  powdered  and  extracted  with  water 
to  remove  sodium  salts.  The  remaining  solid  was  freed  from  excess  of  water  by  suction, 
and  dried;  5.6  g.  was  obtained,  a  yield  of  84%.  In  this  condition  the  product  melted 
at  190-193^.  Repeated  crystallization  from  alcohol  gave  colorless,  long  silky  needles 
that  melted  at  199-200°.  It  is  readily  soluble  in  other  organic  solvents  but  crystallized 
best  from  alcohol.  It  did  not  dissolve  at  once  in  cold  solution  of  caustic  alkali,  but 
disappeared  slowly,  due  to  saponification  at  the  0-position.  This  behavior  characterizes 
it  as  a  di-acetyl  derivative,  which  is  in  agreement  with  the  analysis  for  bromine. 

Analyses.  Subs.,  0.1474,  0.2160:  AgBr,  0.0979,  0.1434.  Calc.  for  CiiH»OaNBr: 
Br,  27.95.     Found:    28.26,  28.25. 

Summary. 

1.  When  the  dibromo-(?-cresol,  melting  at  58°,  is  nitrated  by  treatment 
"  This  Journal,  41,  2068  (1919). 
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of  its  glacial  acetic  acid  solution  with  nitrous  acid,  it  gives  2  isomeric 
mononitro-monobromo-(?-cresols,  melting  at  90-91**  and  120**,  respectively. 
The  latter  has  been  proved  to  have  the  para  structure. 

2.  The  amino-cresols  corresponding  to  these  nitro  compounds  will  be 
used  in  the  further  study  of  the  migration  of  acyl  from  nitrogen  to  oxygen. 
Iowa  Cmr,  Iowa. 
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THE   QUANTITATIVE  DETERMINATION   OF  THE  ANTISCOR- 
BUTIC VITAMIN   (VITAMIN  C). 

By  H.  C.  Shbrman.  V.  K.  LaMbr  and  H.  L.  Campbell. 

Received  September  2.  1021. 

Each  vitamin  is  known  by  the  ph3rsiological  effects  which  result  from 
its  absence  or  from  the  intake  of  an  insufScient  quantity.  These 
effects  are  failure  of  growth,  or  development  of  a  deficiency  disease, 
or  both.  The  relative  amounts  of  any  one  of  the  vitamins  in  different 
foods  or  in  the  same  food  before  and  after  treatment  can  in  general 
best  be  measured  by  feeding  a  suitable  experimental  animal,  of  stand- 
ard initial  age  and  size,  with  a  basal  diet  adequate  in  all  other  re- 
spects but  devoid  of  the  vitamin  in  question,  and  finding  how  much  of 
the  food  under  investigation  must  be  fed  in  order  to  supply  enough  of  the 
vitamin  to  meet  the  needs  of  the  standard  test  animal.  This  is  sometimes 
determined  in  terms  of  the  proportion  in  which  the  food  imder  test  when 
serving  as  the  sole  source  of  the  vitamin  in  question  must  enter  into  the 
food  mixture  in  order  to  render  the  food  supply  adequate  in  this  respect. 
Or  the  food  to  be  tested  may  be  fed  separately  from  the  basal  ration  and 
the  minitniim  quantity  of  the  food  which  will  thus  sufSce  to  protect  the 
standard  animal  from  vitamin  deficiency  may  be  determined  in  terms  of 
the  actual  weight  of  food  thus  required  as  source  of  vitamin.  This  latter 
method  is  the  one  chiefly  used  in  studies  of  the  antiscorbutic  vitamin 
and  is  sometimes  referred  to  as  determination  of  the  minimum  protective 
dose.    See  discussion  by  Chick  and  Hume.^ 

Hoist  and  Frolich  as  early  as  1912>  made  comparisons  of  the  antiscorbutic 
properties  of  foods  by  finding  whether  or  not  certain  arbitrarily  chosen  quantities 
which  they  fed  would  suffice  to  prevent. the  appearance  of  scurvy;  but  the  basal  diet 
which  they  employed,  consisting  usually  of  oats  and  water  only,  was  deficient  in  other 
respects  as  well  as  in  antiscorbutic  vitamin. 

Cohen  and  Mendel*  devised  a  new  basal  ration  planned  to  provide  all  necessary 
nutrients  except  the  antiscorbutic,  and  showed  that  experimental  scurvy  can  be  in- 
duced in  the  guinea  pig  at  will,  and  formulated  more  fully  the  criteria  for  the  recognition 

^  Chick  and  Hume,  /.  Biol.  Chem,,  39,  203  (1919). 
>  Hokt  and  Frolich,  Z.  Hyg.  InfekUonsk.,  72,  1  (1912). 
'  Cohen  and  Mendel,  /.  Biol.  Chem.,  35,  425  (1918). 
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of  this  condition.    Hess  and  Unger*  employed  chiefly  a  basal  ration  of  oats»  hay  and 
water. 

Chick,  Hume,  and  Skdton,*  Delf  /  and  other  workers  at  the  Lister  Institute  have 
used  a  basal  ration  of  oats,  bran  and  Hberal  amounts  of  autodaved  milk.  They  have 
done  much  to  establish  the  importance  of  quantitative  methods  in  the  study  of  vitamin 
problems  and  have  recorded  a  very  valuable  series  of  determinations  of  the  antiscorfoutic 
values  of  different  foods;  but  it  is  doubtful  whether  the  heat  treatment  to  which  they 
subjected  the  milk  entering  into  their  basal  rations  can  be  depended  upon  to  destroy 
all  of  the  Vitamin  C  and  still  leave  the  diet  adequate  as  regards  Vitamin  A  J 

Building  upon  the  experience  of  the  previous  investigators  as  well  as 
upon  our  studies  of  both  rats  and  guinea  pigs,  we  have  still  further  de- 
veloped the  basal  ration  to  ensure  its  freedom  from  Vitamin  C  and  its 
entire  adequacy  in  all  other  respects. 

The  basel  diet  as  finally  adopted  is  as  follows. 

% 
Oats,  sound  whole  grain,  ground  in  the  laboratory  as  needed 59 

Skimmed  milk  powder,  heated  on  open  trays  at  110°  until  all  antiscorbutic  vitamin 

is  destroyed 30 

Butter  fat,  freshly  prepared 10 

Sodium  chloride 1 

100 

This  diet  supports  excellent  growth  up  to  the  time  of  the  onset  of  scurvy. 

Sound  mature  oats  show  no  antiscorbutic  property  when  fed  to  guinea 
pigs  and  are  eaten  readily  by  them.  By  using  heated  skimmed  milk  and 
fresh  butter  fat  instead  of  heated  whole  milk,  the  absence  of  antiscorbutic 
vitamin  is  at  least  equally  well  ensured  and  the  palatability  of  the  diet 
and  its  fat-soluble  vitamin  content  are  improved.  The  heat  treatment 
necessary  to  ensure  complete  destruction  of  Vitamin  C  in  the  skimmed 
milk  powder  should  be  determined  by  each  investigator  for  his  own  material 
and  technique,  keeping  in  mind  the  likelihood  of  variation  in  antiscor- 
butic vitamin  content  of  milk  with  the  season  and  the  importance  of  elim- 
inating this  vitamin  completely  from  the  basal  ration  without  subjecting 
the  food  to  such  excessive  heating  as  wotdd  give  it  a  burnt  taste  and 
prevent  its  being  eaten  readily  by  the  experimental  animals.  In  our 
experiments,  2  hoiurs'  heating  at  110**  in  shallow  trays  freely  exposed  to 
the  air  of  the  oven  was  found  to  be  suflScient  as  determined  by  controlled 
feeding  experiments. 

After  such  heating  the  milk  powder  was  of  a  light  buff  color.  The 
butter  fat,  prepared  by  melting  butter  of  good  quality  at  the  lowest  pos- 
sible temperattu^  and  freeing  from  water  and  curd  by  decantation  and 
filtration  through  paper,  was  intimately  mixed  with  the  heated  milk 
powder,  the  salt,  and  the  freshly  groimd  oats,  so  that  the  constituents 

*  Hess  and  Unger,  /.  Biol  Chem,,  35,  479,  487  (1918). 

*  Chick,  Hume  and  Skelton,  Lancet,  191%  II,  735. 
•Delf.  Biochem,  /.,  12,  416  (1918);    14,  211  (1920). 
»  Delf,  Ref.  6,  pp.  436-42. 
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of  the  mixture  cotild  not  be  separated  by  the  experimental  animal  while 
eating.  The  food  mixture  should  be  kept  in  a  refrigerator  in  well-filled, 
air-tight  containers;  fresh  portions  fed  daily »  and  feeding  cups  thoroughly 
deansed  at  least  twice  a  week,  since  the  slightest  incipient  rancidity 
may  result  in  failure  of  the  animals  to  eat  the  food  readily  in  which  case 
the  interpretation  of  results  will  be  difficult  and  probably  of  very  doubtf td 
value. 

Selection  and  care  of  experimental  animals. — ^The  experimental 
animals  should  either  be  bred  by  the  investigator  or  purchased  at  an  early 
and  known  age.  They  shoidd  be  known  to  be  growing  at  a  normal  rate. 
For  about  a  week  before  the  beginning  of  the  experimental  period  they 
should  be  housed  in  the  experimental  cages  or  pens  and  fed  with  the  above 
basal  ration  plus  green  food,  both  ad  libitum.  The  experiment  proper 
is  then  b^^un  by  simply  discontinuing  the  green  food  with  or  without 
the  feeding  of  a  measured  amount  of  antiscorbutic  in  addition  to  the  basal 
ration.  Our  experience  with  about  200  of  these  experimental  animals 
indicates  that  young  guinea  pigs  6  to  8  weeks  old  and  weighing  300  to 
350  g.  are  best  used  for  this  purpose.  Placed  at  this  age  and  size  upon 
the  above  basal  ration  with  food  and  water  always  available  they  usually 
eat  about  18  to  20  g.  of  the  dry  food  mixture  per  day  and  continue  to  grow 
for  about  15  days,  then  lose  weight  rapidly  and  die  of  scurvy  in  from  26 
to  34  days  after  being  deprived  of  antiscorbutic  food.  If  the  animals 
are  mudi  younger,  the  results  are  somewhat  less  regular;  if  much  older, 
they  are  somewhat  less  susceptible  and  also  less  desirable  in  that  they 
are  less  likely  to  show  good  growth  up  to  the  time  of  onset  of  scurvy  symp- 
toms. 

Symptoms,  survival  period,  and  ajitopsy  findings. — With  animals 
such  as  have  been  described,  the  first  S3rmptoms  of  sciurvy  appear  after 
about  12  days  on  the  above  basal  diet.  The  nature  and  sequence  of  the 
symptoms  is  so  clearly  described  by  Cohen  and  Mendel'  and  by  Hess' 
as  not  to  require  discussion  here.  Loss  of  weight  usually  begins  sooif 
after  the  appearance  of  the  first  S3rmptoms,  though  some  animals  begin 
to  lose  weight  earlier.  On  the  firet  or  second  day  of  the  experimental 
period  there  may  occur  a  decrease  of  body  weight  due  to  elimination  of 
bulky  intestinal  contents  from  the  green  food  of  the  fore-period.  In 
such  cases  the  mininiiini  weight  of  the  first  or  second  day  is  taken  as  the 
initial  weight  of  the  experimental  period.  As  an  accurate  weight-curve 
is  helpful  in  the  interpretation  of  results,  each  animal  should  be  weighed 
at  least  once  in  3  days  throughout  the  experimental  period.  Table  I 
shows  the  body  weights  at  3-day  intervals  of  those  of  our  experimental 
animals  which  were  confined  to  the  basal  diet  only. 

"Scurvy  Bast  and  Present,"  J.  B.  Lippincott  and  Co.,  1920. 
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Wbight  in  Gra 

MS,  AT 

Animal 

No. 

0 

(80) 

304 

(12) 

305 

139 

380 

143 

361 

187 

335 

190 

330 

(191) 

324 

193 

329 

207 

321 

212 

330 

215 

369 

(216) 

334 

(217) 

300 

A29 

300 

•    A31 

325 

Av.  of  15 

329 

Av.  of  10 

337 

Tabls  I 
Thrbs-day  Intervals,  op  Guinsa  pigs  on  Basal 

Number  of  Days  after  Placing  on  Basal  Diet 

3  6  9  13         15  18  21  24  27 

283  280  278  268  271  266  272  270  266 

306  302  301  302  288  274  246  214  197 

335  351  374  399  413  340  329  260  230 

368  386  415  432  427  439  344  269  219 

330  329  330  330  326  337  312  295  274 

320  328  339  350  350  332  324  290  260 

312  324  309  294  290  271  269  240  227 
308  313  331  340  350  351  337  319  290 

330  327  341  343  338  350  301  262  192 

331  333  337  340  334  321  288  257  201 
355  363  371  378  393  410  372  326  274 
303  297  300  310  283  275  225  200  ... 
295  292  295  281  274  274  272  260  214 

313  325  341  352  357  358  350  312  255 
340  359  373  378  383  383  365  347  217 
322  327  336  340  338  332  314  275  236 
333  341  355  364  367  362  332  294  241 


DiBT  Only 

30 

33 

240 

212 

229 

204 

235 

206 

193 
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215 
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Fig.  1  shows  a  typical  weight  curve  and  one  constructed  from  the  aver- 
age weights  of  the  animals  included  in  Table  I  omitting  those  whose  num- 
bers are  enclosed  in  parentheses.    Since  the  time  of  reaching  a  maximum 


423 
4*0 

^ 

K*n 

^f 

/ 

Vi   IPM 

/ 

5  3W 

\ 

J 

f 

\ 

/ 

^ 

\    4 

yea 

no 

^ 

^ 

/ 

/ 

^290 

^  273 

260 

744 

\ 

\ 

\\ 

V 

Z50 
ZOO 

\ 

V 

\ 

\ 

>   . 

>     i 

s 

*     ' 

I  f 

9      A 

9     I 

/    i 

«    1 

T    J 

o    j| 

Fig.  1. 

and  beginning  to  lose  weight  differs  somewhat  with  individuals,  the  effect 
of  averaging  the  weights  is  to  blimt  the  t3rpical  peak  of  the  weight-curve. 
The  animals  whose  numbers  are  enclosed  in  [parentheses  did  not   eat 
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SO  well  as  to  show  typical  gains  nor  so  poorly  as  to  cause  them  to  be  re- 
jected entirely. 

The  survival  periods  of  the  animals  which  we  have  kept  upon  the  above 
basal  diet  only  have  been  as  follows:  33,  26,  27,  28,  34,  28,  27,  34,  26, 
29,  32,  32,  32,  31,  34  days.    At  autopsy  the  findings  which  proved  most 

Tabls  II 

PlOTOCOLS  OF  EXPBRIICSNTAL  ANIMALS  ON  BaSAI^  DiBT  AI<0NS  OR  WITH  ANTISCORBUTIC 


Afuinal         Tomato 
No.               juice 
Cc. 

Initial 
G. 

Body  weight 

Maximum 

G. 

Pinal 
G. 

Duration  of 

experiment 

utiys 

Symptoms 

143               0.0 

361 

439 

219 

28- 

Very  severe 

193            0.0 

329 

351 

182 

34- 

Very  severe 

207            0.0 

321 

350 

192 

28" 

Very  severe 

173             1 .0 

312 

405 

269 

90* 

Very  severe 

lg4             1.0 

321 

384 

255 

53- 

Very  severe 

90            1.4 

332 

394 

201 

41- 

Severe 

93            1.4 

321 

468 

285 

63* 

Severe 

92            1.5 

332 

368 

285 

.     91* 

Severe 

94            2.0 

309 

340 

311 

87* 

Moderate 

95            2.1 

282 

388 

345 

91* 

Moderate 

155            (a) 

320 

402 

383 

73* 

Mild 

181            (b) 

323 

503 

475 

85* 

Mild 

199            (c) 

337 

605 

492 

85* 

Very  mild 

130            id) 

337 

415 

390 

73* 

Moderate 

Autopsy  Findings 

Lnimal                            Bony  sjrstem 
No.          Jaw           Teeth           Ribs 

Jointo 

Ribs 

Hemorrhages 
Intestine      Joints       Muscle 

143     -f-f-f-     -h-f-H- 

-f-H-H- 

-f-H- 

+  + 

++ 

+  +        +  + 

193     -h-f+     +-^-^ 

+  +  + 

H-  +  + 

H-  +  + 

+++ 

+  +  +     +-[-[- 

207     +-hH-     ^-b-^ 

-h  +  H- 

+ 

+  +  + 

++ 

+  +        +  + 

173             + 

— 

+  +  + 

+  -[-[- 

+  +  -[- 

+ 

-f-            + 

184         H--f 

+  -f- 

+++ 

-h-f-H- 

-h  +  H- 

+ 

+  + 

90            + 

+ 

tr 

tr 

+ 

+++ 

-             tr 

93            + 

-h 

4-f-f- 

+  +  + 

+  +  + 

+ 

+  +  + 

92             tr 

tr 

+  + 

-h 

+ 

tr 

94 

- 

4- 

-f-H- 

- 

+ 

+  +             tr 

95 

— 

? 

-h 

— 

— 

+ 

155 

— 

-f- 

+ 

tr, 

—             — 

181 

— 

?tr 

— 

— 

tr 

—             — 

199 

— 

?+ 

— 

- 

+ 

-             - 

130 

-h 

-h-f- 

+ 

— 

+ 

+             + 

(a)  Received  3 .9  cc.  of  tomato  juice  which  had  been  heated  for  1  hour  at  100° 
judged  equal  to  2.0  cc.  of  raw  juice. 

(6)  Received  7 .0  cc.  of  tomato  juice  which  had  been  heated  for  4  hours  at  100^ 
judged  equal  to  2.5  cc.  of  raw  juice. 

(c)  Received  4 .0  cc.  of  tomato  juice  which  had  been  heated  for  4  hours  at  60° 
judged  equal  to  2.5  cc.  of  raw  juice. 

(d)  Received  2.3  cc.  of  tomato  juice  which  had  been  heated  for  1  hour  at  60° 
judged  equal  to  1 .75  cc.  of  raw  juice. 

'Animal  died  with  scurvy. 

*Aninia]  was  chloroformed  for  autopsy. 
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significant  were:  looseness  of  teeth,  fragility  of  bones,  enlargements  and 
hemorrhages  of  joints  and  rib  junctions. 

Quantitative  Expression  of  Results. — ^The  results  which  we  have 
obtained  on  feeding  the  basal  diet  alone  and  with  the  addition  of  filtered 
juice  of  caimed  tomatoes  in  measured  amounts  calculated  to  the  basis  of 
300  g.  of  guinea  pig  per  day  may  be  summarized  as  follows. 

With  no  antiscorbutic  there  is  usually  good  initial  growth  followed  by 
onset  of  scurvy  symptoms,  cessation  of  growth  and  great  loss  of  weight 
before  death  from  scurvy  which  occurs  at  26  to  34  days.  Autopsy  re- 
veals in  severe  form  all  the  typical  signs  of  scurvy,  notably  hemorrhages, 
fragility  of  bones,  and  looseness  of  teeth.     (See  Table  II.) 

With  1,0  cc,  of  tomato  juice  per  day  the  duration  of  life  is  prolonged  and 
becomes  less  uniform  than  on  the  completely  scorbutic  basal  diet.  The 
animals  become  lame  and  stiff  before  death  and  at  death  show  severe 
hemorrhages,  fragile  bones  and  loose  teeth. 

With  1.5  cc.  of  tomato  juioe  per  day  the  animals  usually  live  out  the  e3q>eri- 
mental  period  of  70  to  90  days  after  which  it  is  unlikely  that  death  from 
scurvy  will  occur.  Scurvy  symptoms  develop  with  pain  and  stiffness  in  the 
joints  and  usually  with  loss  in  body  weight.  Hemorrhages  and  enlargements 
of  rib  junctions  may  become  quite  as  pronounced  as  in  the  previous  cases. 
(Since  the  animals  live  longer  there  is  more  time  for  these  abnormalities 
to  develop.)  Fragility  of  the  bones  and  looseness  of  teeth  are  less  marked 
than  when  less  antiscorbutic  is  given. 

With.  2,0  cc.  of  tomato  juice  per  day  growth  after  15  days  is  subnormal  and 
animals  show  soreness  of  joints  without  noticeable  stiffness.  When  the  ani- 
mals are  killed  and  examined  after  70  to  90  da3rs  on  this  diet  they  show 
hemorrhages  but  not  to  a  pronounced  degree.  Jaws  and  teeth  appear 
normal  and  bones  usually  so. 

With  3.0  cc.  or  more  of  tomato  juice  per  day  there  is  complete  protection 
from  scurvy  as  judged  by  examinations  both  during  life  and  at  autopsy. 
Growth  is  fully  normal  in  all  animals  that  eat  the  basal  diet  well.  Hence 
3  cc.  appears  to  furnish  a  fully  adequate  allowance  of  the  antiscorbutic 
vitamin. 

Table  II  shows  the  protocols  of  t3rpical  cases  of  guinea  pigs  kept  on  the 
basal  diet  alone  or  with  measured  amoimts  of  tomato  juice  as  antiscor- 
butic. In  all  cases  the  volume  of  tomato  juice  as  stated  in  the  table  is 
the  amoimt  which  was  fed  per  300  g.  guinea  pig.  This  reduction  of  the 
dosage  of  antiscorbutic  to  a  uniform  basis  of  body  weight  of  standard 
animal  has  been  f otmd  to  add  considerably  to  the  quantitative  significance 
of  the  results.  Following  the  precedent  of  Hoist  and  Frolich  the  severity 
of  autopsy  findings  such  as  hemorrhages  and  fragility  of  bones  and  loose- 
ness of  teeth  are  indicated  by,  -  (no  different  from  normal),?  (doubtful), 
tr  (trace),  and  +,++,+++  for  increasing  degrees  of  severity.    From 
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this  series  of  observations  upon  animals  receiving  no  antiscorbutic  vit- 
amin and  with  different  measured  amounts  up  to  the  amotmt  which  affords 
complete  protection  and  permits  optimum  growth  it  becomes  possible 
to  interpret  the  symptoms  and  autopsy  findings  in  terms  of  the  percen- 
tage of  the  required  amotmt  of  antiscorbutic  which  was  actually  received 
by  the  animal  in  any  individual  case.  This  means  that  animals  fed  on 
this  basal  diet  and  receiving  some  antiscorbutic  but  not  enough  for  com- 
plete protection  can  be  given  a  quantitative  rating  based  on  the  weight 
curve,  survival  period,  and  severity  of  the  symptoms  and  autopsy  find- 
ings. Thus  in  comparing  the  antiscorbutic  properties  of  different  foods 
or  of  the  same  food  before  and  after  treatment  one  is  not  confined  entirely 
to  a  comparison  of  the  so-called  minimum  protective  dose  since  the 
quantitative  rating  of  the  degree  of  protection  afforded  permits  compar- 
isons to  be  made  upon  animals  receiving  less  than  the  amotmt  required  for 
complete  protection. 

This  method  has  been  applied  in  studying  the  heat  destruction  of  the 
antiscorbutic  vitamin  qtiantitatively,  with  feeding  experiments  to  de- 
temiine  how  much  more  of  the  heated  jtiice  must  be  fed  in  order  to  get 
the  same  result  as  with  a  known  quantity  of  raw  juice  necessary  to  give 
the  same  degree  of  protection.  This  enables  one  to  calcttlate  the  amount 
of  antiscorbutic  which  had  been  destroyed  by  the  heating. 

The  last  four  entries  in  Table  II  give  the  restilts  of  experinients  of  that 
kmd.  Following  through  the  findings  in  the  case  of  No.  155  and  com- 
paring them  with  restilts  above  and  with  the  summary  given  previously, 
it  was  considered  that  on  the  whole  3.9  cc.  of  tomato  jtiice  heated  for  one 
hour  at  100**  showed  practically  the  same  antiscorbutic  effect  as  2  cc.  of 
the  tinheated  tomato  jtiice  and  therefore  that  approximately  V«  of  the 
antiscorbutic  vitamin  of  the  tomato  juice  had  been  destroyed  by  the  heat 
treatment.  The  average  of  a  considerable  number  of  such  experiments 
is  practically  50%. 

In  the  next  case  (No.  181)  the  animal  received  7  cc.  of  tomato  juice 
heated  at  100**  for  4  hours.  The  results  indicated  that  this  amount  of 
heated  juice  was  equivalent  in  antiscorbutic  value  to  2.5  cc.  of  raw  juice, 
and  the  average  of  a  number  of  such  experiments  indicated  that  heating 
for  4  hours  at  100®  resulted  in  the  destruction  of  about  68%  of  the  anti- 
scorbutic vitamin  present  in  the  raw  juice.  The  results  of  experiments 
on  Nos.  199  and  130  (Table  II,  notes  c  and  d)  show  results  of  heating  at  60*" 
with  of  course  a  lower  rate  of  destruction  than  at  100**. 

It  is  plain  that  in  the  same  way  one  may  compare  the  antiscorbutic 
potency  of  a  measured  amount  of  any  other  material  with  that  of  any  of 
the  different  amotmts  of  canned  tomato  juice  representing  any  degree  of 
protection  up  to  the  complete  protection  afforded  by  3  cc.  and  can  thus 
detennine  the  relative  amotmts  of  antiscorbutic  vitamin  in  different  foods 
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both  from  experiments  in  which  the  exact  minimum  protective  dose  is 
found  and  from  those  in  which  there  is  a  definite  partial  protection  to  which 
a  quantitative  rating  can  be  given.  This  method  possesses  the  advantage 
of  the  method  of  minimum  protective  doses,  and  in  addition  permits  the 
use  of  a  numerical  value  for  each  individual  experiment  of  a  series,  the 
average  of  which  should  yield  a  more  trustworthy  result  than  when  only 
those  animals  receiving  exactly  the  minimum  protective  dose  are  taken 
into  account.  The  data  presented  in  the  paper  which  follows  will  illus- 
trate the  application  of  this  method. 

Summary. 
Relative  amounts  of  antiscorbutic  vitamin  are  measured  by  determining 
how  much  of  the  food  under  test  is  required  to  prevent  scurvy  in  guinea 
pigs,  or  by  a  quantitative  rating  of  the  severity  of  the  scurvy  produced 
when  less  than  this  "minimum  protective  dose*'  is  fed.  This  rating  is 
based  upon  the  weight-curve,  duration  of  life,  symptoms,  and  especially 
the  autopsy  findings  of  guinea  pigs  of  standard  initial  age  and  weigHt.  A 
new  basal  diet  designed  to  furnish  optimum  quantities  of  all  essential  nu- 
trients other  than  the  antiscorbutic  vitamin,  and  the  technique  of  the  ex- 
periments, are  described. 
Nsw  York,  N.  Y.  ' 

[Contribution  FROM  th«  D^partmbntof  Chemistry,  Coi^umbia  UNivBRsrrY,No.379.  ] 

THE  EFFECT  OF  TEMPERATURE  AND  THE  CONCENTRATION 

OF  HYDROGEN  IONS  UPON  THE  RATE  OF  DESTRUCTION  OF 

ANTISCORBUTIC  VITAMIN  (VITAMIN  C)^^ 

By  V.  K.  LaM^r,  H.  L.  Campbell  and  H.  C.  Shbrman. 

Received  September  2,  1921. 

'  While  the  great  instability  of  the  antiscorbutic  vitamin  (Vitamin  C) 
makes  it  an  mipromising  material  for  attempts  at  actual  isolation,  the 
development  of  methods  for  measuring  relative  amounts  of  this  substance 
with  considerable  accuracy  makes  possible  the  study  of  its  chemical  be- 
havior. The  present  investigation  deals  with  the  effects  of  heating  for 
different  lengths  of  time  at  60°,  80®,  and  100®,  and  at  different  known 
concentrations  of  hydrogen  ion.  As  indicated  by  the  earlier  work  of 
Delf,*  the  reaction  by  which  Vitamin  C  is  destroyed  has  a  measurable 

*  The  data  for  this  paper  are  taken  from  a  Dissertation  submitted  by  Victor  K. 
LaMer  for  the  degree  of  Doctor  of  Philosophy  in  the  Faculty  of  Pure  Science,  Columbia 
University,  June,  1921.  For  the  sake  of  brevity  many  of  the  details  included  in  the 
dissertation  are  here  omitted. 

*  Preliminary  reports  were  presented  at  the  January  meeting  of  the  Society  of 
Experimental  Biology  and  Medicine  (Proc.  Soc.  ExpU.  Biol.  Med.,  18,  122  (1921))  and 
the  Rochester  meeting  of  the  American  Chemical  Society,  April,  1921. 

»  Delf,  Biochem.  /.,  12,  416  (1918). 
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velocity,  which  velocity  is  accelerated  by  rise  in  temperattire  though  less 
rapidly  than  most  chemical  reactions. 

The  experiments  of  Harden  and  Zilva,*  and  Hess  and  Unger*  have 
also  shown  that  the  addition  of  alkali  to  orange  juice  reduces  the  stability 
of  the  antiscorbutic  vitamin. 

In  view  of  the  fact  that  in  a  later  paper  Delf*  states  "that  neutralizing 
nearly  all  of  the  excess  add  in  orange  juice  therefore  does  not  appreciably 
reduce  the  stability  of  the  antiscorbutic  constituent  of  the  juice  at 
100**/*  it  was  considered  that  an  investigation  of  the  rate  of  destruction 
at  various  measured  hydrogen-ion  concentrations  under  definite  condi- 
tions of  time  and  temperature  of  heating  would  be  desirable. 

In  the  experiments  described  it  is  believed  that  the  influence  of  these 
factors  has  been  measured  quantitatively  with  a  probable  error  of  less 
than  5%  for  each  of  the  chief  points  determined. 

Selection  and  Preparation  of  Antiscorbutic  Materials. 

The  juice  from  canned  tomatoes  was  selected  as  the  source  of  Vitamin 
C  in  this  investigation  for  the  following  reasons. 

(1)  It  contains  a  high  concentration  of  this  vitamin,  3  cc.  suflScing  to 
give  complete  protection  to  a  guinea  pig,  which  is  an  important  point 
in  quantitative  feeding  work  since  it  permits  one  to  reduce  the  concen- 
tration of  active  material  to  10%  or  even  less  of  its  original  value  and 
yet  not  require  the  administration  of  an  excessive  volume  in  order  to 
attain  the  same  degree  of  protection  as  the  untreated  product  affords. 

(2)  It  is  possible  to  eliminate  in  a  large  measure  the  variation  in  initial 
antiscorbutic  content  due  to  seasonal  or  other  causes,  by  purchasing  the 
canned  tomatoes  in  case  lots. 

Preparation  of  Materials. — ^The  material  used  in  feeding  was  pre- 
pared at  5-day  intervals  by  opening  one  or  more  cans  of  tomatoes,  and  filter- 
mg  at  10°,  first  through  muslin  and  then  through  filter  paper.  The  filtrate, 
which  possessed  at  most  only  a  slight  opalescence,  was  measured  into 
Erlenmeyer  flasks  made  of  Pyrex  glass,  heated  rapidly  over  a  wire  gauze 
with  constant  swirling  until  it  had  attained  the  desired  temperature 
(which  required  1  to  2  minutes)  and  then  at  once  put  into  a  constant 
temperature  bath  accurate  to  =*=0.2**.  The  evaporation  which  occurred 
through  the  cotton  stoppers  was  noted  and  either  replaced  by  addition 
of  sterile  water,  or  a  correction  for  the  concentration  resulting  thereby 
was  made  in  calculating  the  dosage  of  the  heated  juices. 

At  the  end  of  the  heating  period,  the  flasks  were  cooled  quickly  (1  to 
2  minutes)  by  means  of  running  water  and  then  placed  on  ice.     All  anti- 

« Harden  and  Zilva,  Lancet,  U,  320   (1918). 

»  Hess  and  Ungcr,  /.  Biol,  Chem,,  38,  297  (1918). 

•Ddf,   Biochem.   /.,    14,   220    (1920). 
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scorbutic  material,  whether  in  cans  or  flasks,  was  kept  at  10^  at  all  times, 
except  for  the  period  of  heating  indicated.  Bacterial  action  was  very 
carefully  avoided. 

In  all,  4  lots  of  canned  tomatoes  were  tised,  each  of  which  was  stand- 
ardized independently,  23  animals  being  used  for  this  purpose. 

In  order  to  test  the  influence  of  hydrogen  ions  or  their  reciprocal,  hy- 
droxyl  ions,  samples  of  tomato  juice  of  different  degrees  of  acidity  or  alka- 
linity were  prepared.  The  normal  hydrogen-ion  concentration  of  the 
juice  from  different  lots  was  fotmd  to  lie  between  10~***'  and  lO""**'^.  When 
the  juice  was  heated  in  a  boiling  water-bath  for  an  hour  the  hydrogen-ion 
concentration  remained  practically  unchanged,  namely  lO"*"*'  before, 
to  10""*-"  after  heating.  When  the  samples  were  made  slightly  alkaline 
difficulty  was  encountered  in  maintaining  a  constant  hydrogen-ion  con- 
centration due  to  the  fact  that  at  100**  the  sugars  present  are  attacked  by 
the  hydroxyl  ions,  yielding  organic  acids,  as  the  work  of  Nef  ^  has  shown, 
which  tends  to  reduce  the  alkalinity.  A  certain  amount  of  discoloration 
occurred  which  is  very  likely  due  to  caramelization  of  the  sugars.  Table 
I  shows  these  effects. 

The  preparations  designated  as  I,  II,  III  were  made  by  adding  the 
amoimt  of  sodium  hydroxide  indicated  in  Table  I,  or  its  equivalent,  per 
100  cc.  of  freshly  filtered  tomato  juice,  and  heating  for  1  hour  at  100**. 
When  the  period  of  heating  had  expired  the  preparations  were  at  once 
cooled  under  the  tap  in  exactly  the  same  manner  as  the  preparations 
to  which  no  alkali  had  been  added.  An  amount  of  hydrochloric  acid 
equivalent  to  the  sodium  hydroxide  was  next  added  to  neutralize  the 
latter  so  that  the  effects  of  the  addition  of  alkali  would  take  place  only 
during  the  period  of  heating.  Inasmuch  as  previous  workers  have  not 
re-acidified  after  heating  the  alkaline  preparations  it  was  thought  ad- 
visable to  determine  whether  this  might  have  any  influence  upon  the 
results. 

Preparation  III  was  accordingly  divided  into  two  parts  at  the  con- 
clusion of  the  heating  period;  Ilia  being  re-acidified  as  usual,  while  in 
the  case  of  Illb  the  preparation  was  allowed  to  remain  in  its  alkaline 
condition  at  the  usual  temperature  of  10**  for  the  period  of  1  to  5  days, 
during  which  it  was  administered  daily  to  the  animals  of  that 
series. 

The  changes  in  volume  due  to  the  addition  of  acid  or  alkaline  solutions 
were  taken  account  of  in  all  calculations.  The  hydrogen-ion  concentra- 
tions were  determined  electrometrically  with  the  apparatus  described  by 
Thomas  and  Baldwin.' 

'Net   Ann.,  403,  204   (1914). 

■Thomas  and  Baldwin,  Tms  Journal,  41,  1990  (1919). 
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Tablb  I 
HTDftOG9N-iON  Concentrations  ov  Prsparations  to  which  Sodium  .  Hydroxide 

HAS  BSEN  Added 

Prep.  No.  tomato  juice  Log.  of  Cq  *■  Remarks 

Cc. 

I  11.0  -  5.20  before    heating. 

I  11.0  -  4.88  after   heating   1    hr.   at    100°. 


0.2iV^NaOH 

per  100  cc.  of 

tomato  juice 

Cc. 

Log.  of  Ch  ♦ 

11.0 

-  5.20 

11.0 

-  4.88 

37.0 

-  9.14 

37.0 

-  7.53 

74.0 

-10.88 

74.0 

-  8.26 

II  37.0  -  9.14  before   heating. 

II  37.0  -  7.53  after  heating    1   hr.    at    100^ 

III  (a.b)  74.0  -10.88  before   heating. 
Ill  (a,b)  74.0  -  8.26  after  heating   1   hr.   at   100^ 

The  solutions  described  were  fed  to  experimental  animals  (guinea 
pigs)  and  the  percentage  destruction  of  the  vitamin  measured  by  the 
method  described  in  the  preceding  paper*  with  the  average  results  shown 
in  Tables  II  and  III. 

Tabui  II 

The  Destruction  of  Antiscorbutic  Vitaiiin  at  Hydrogen-ion  Concentration 
EQUAi,  TO  lO"*-"  TO  10~*-»^  (Natural  Reaction  of  Tomato  Juice).    Time  and  Tem- 
perature Varied. 

No.  of 


f  cxpts.                 Time 
Hours 

Temp. 

•c: 

Average  destruction 

% 

12                             1 

100 

60 .2=4=  1.3* 

3                             2 

100 

58.  (about) 

11                        4 

100 

67.7=*=0.9- 

6                        1 

80 

40.6=*=1,2- 

5    .                   4 

80 

53 .0=*=!. 3* 

6                        1 

60 

25 .2=*=  1.0* 

6                       4 

60 

36.8=«=1.5- 

mission  following  on 

probable 

errors. 

Table  III 

Destruction  of  Antiscorbutic  Vitamin  in  Tomato  Juice  at  Various  Hydrogen- 
ion  Concentrations.    Sodium  Hydroztoe  Solution  Added  and  Material 
Heated  for  1  hour  at  100  ^  Followed  by  Re-acidification  with  Hydro- 
chloric Acid  at  Expiration  of  Heating  Period,  except  in  the  Case 
OF  Preparation  IIIb  which  was  Allowed  to  remain  Alkaline 
AFTER  Heating  and  Fed  over  a  Period  of  5  Days.    All 
Preparations  were  Preserved  at  10**. 


Log.  Ch* 

Log.  Ch* 

Prep. 

No.  of  expts. 

before  heating 

after  heating 

Destruction 
% 

Natural  reaction 

12 

-   4.3 

-4.3 

50 .2=*=  1.3- 

I 

4 

-   5.2 

-4.9 

58.3=fc0.7- 

II 

5 

-   9.2 

-7.6 

61.8=*=0.8- 

Illa 

2 

-10.9 

-8.3 

61-66  (about) 

nib 

3 

-10.9 

-8.3 

90-95  (about) 

'See  discnssion  following  on  probable  errors. 

•  Sherman,  LaMer  and  Campbell,  This  Journal,  44,  166  (1922). 
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VITAMtN  OF  TOMATO  JUICEi  AT  AHATURAL 
ACIDITY C>/^  '10"*'^ 


100 

\ 


Discussion  of  Results. 
Errors  lovolved. — ^The  experimental  errors  in  the  temperature  of 
heating  (=*=0.2®)  are  negligible,  inasmuch  as  the  temperature  coefficient 
as  shown  later  is  of  the  low  order  of  1.2.  The  maximum  possible  error 
in  time  of  heating  could  not  exceed  4  minutes  in  60,  or  6.6%;  and  where 
this  procedure  is  repeated  as  many  as  18  times  for  a  single  experiment 
the  probable  error  through  laws  of  chance  should  be  very  much  less. 
In  the  case  of  4  hours*  heating  the  effect  of  this  error  is  still  fiuther  re- 
duced. The  error  in  feeding  was  of  the  order  of  2  to  3%.  The  largest 
error  involved  in  the  work  is  that  due*  to  variation  of  experimental  animals. 
Inspection  of  the  individual  data^^  shows  that  the  maximum  variation 
HEAT  DESTRUCTION  OF  ANTISCORBUTIC     iot  single  experiments  is   about 

•15%.  The  average  of  these  data 
and  the  numbers  of  experiments 
are  given  in  Tables  II  and  III. 
The  "probable  errors"  given  were 
calculated  by  the  usual  formula, 
but  it  should  be  stated  that  they 
are  included  only  for  the  purpose 
of  giving  an  idea  of  the  degree  of 
variation  in  the  results  of  a  given 
series,  since  in  some  of  the  series 
the  number  of  experiments  was 
not  sufficient  to  warrant  giving 
them  the  strict  interpretation  of  a 
probable  error.  The  general  con- 
cordance of  the  values  given,  how- 
ever, would  indicate  that  the  prob- 
able error  of  the  average  due 
to    animal  variation   is  less   than   5%. 

The  form  of  the  time  curve  of  destruction. — When  the  percentage 
destruction  from  Table  II  is  plotted  against  the  time  as  we  have  done 
in  Fig.  1,  it  is  at  once  apparent  that  the  destruction  of  the  antiscorbutic 
vitamin  is  not  dependent  upon  any  one  critical  temperature,  but  that 
the  degree  of  destruction  is  a  function  of  both  the  time  and  the  temper- 
ature. Further  examination  shows  that  it  is  not  possible  to  express  the 
relationship  between  these  two  factors  by  any  of  the  simple  equations  of 
chemical  kinetics.  If  an  attempt  is  made  to  fit  a  curve  of  the  unimolecular 
t)rpe  it  is  evident  that  there  is  a  very  marked  tendency  for  the  curve  to 
flatten  with  the  progress  of  time.    At  100**  the  values  for  k  in  the  equation 

^^  Table  V,  Ref.  1,  Dissertation. 
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(where  x  is  the  fraction  changed  at  the  time  /)  are  0.303  at  1  hour,  0.187  at 
2  hours,  and  0.123  at  4  hours. 

Nor  do  the  curves  follow  the  square-root  law  of  Schutz,  for  in  the  latter 
case  the  destruction  at  4  hours  ^ould  be  double  that  at  1  hour,  but  in- 
stead the  destruction  seems  to  be  more  nearly  a  ftmction  of  the  4th  root 
of  the  time.  Thus  when  we  calculate  K  by  substituting  the  data  from 
Table  III  in  the  equation 

X 

K  =       —    (where  x  and  /  have  the  significance  given  above) 

we  find  values  which  are  very  nearly  constant  for  the  different  temper- 
atures. 

Thus  /^loo*"  1  hour,  0.50;  2  hours,  0.49;  4  hours,  0.48.  Av.  -fCioo*",  .49. 
Kso"*  1  hour,  0.40;  4  hours,  0.38.  Av.  /fgo^,  0.39.  Xeo*"  1  hour,  0.25; 
4  hours,  0.26.     Av.  ifeo^,  0.255. 

It  was  considered  at  the  outset  that  it  was  more  important  for  the  pur- 
poses of  this  investigation  to  obtain  reliable  representative  data  at  differ- 
ent temperatures  than  it  was  to  obtain  a  great  many  data  at  any  one 
temperature,  and  for  that  reason  we  have  tried  to  establish  only  two  points 
on  a  given  temperature  curve  but  to  establish  these  as  accurately  as 
possible  by  the  use  of  an  adequate  number  of  animals. 

It  is  interesting  to  note  that  this  flattening  of  the  reaction  curve  is  fre- 
quent also  in  reactions  catalyzed  by  enzymes  such  as  the  hydrolysis  of 
lactose  by  lactase, ^^  the.  digestion  of  casein^^  by  tr)rpsin,  and  the  action 
of  amylases  on  starch.^* 

The  temperature  coefficient. — Using  the  values  of  K  obtained  above 
for  substitution  in  the  equation 


we  obtain  the  following  values  for  the  temperature  coefficient  for  the 
intervals  for  60**  to  80**,  and  80**  to  100°. 

QioCeO**  to  80°)  =  1.23  Gio(80°  to  100°)  =  1.12. 

Delf •  in  her  paper  upon  the  destruction  of  the  antiscorbutic  vitamin 
in  cabbage  leaves  offers  the  value  of  1.3  for  Qio  from  60-100°  as  a  rough 
approximation  made  on  the  assumption  that  the  velocity  is  uniformly 
accelerated  throughout  its  course.  As  far  as  the  authors  are  aware  this 
is  the  only  statement  in  the  literature  regarding  the  quantitative  relation 
between  the  temperature  and  the  velocity  of  the  reaction. 

"  Armstrong,  Proc.  Roy,  Soc,  (London),  73,  500  (1904). 

"  Bayliss,  "Nature  of  Enzyme  Action,"  Longmans,  Green  and  Co.,  4th  Ed.,  p.  81, 
for  this  and  other  similar  work. 

"  Sherman  and  J.  C.  Walker,  This  Journai,,  39,  1476  (1917). 
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Ddf  considers  this  low  temperatttre  coeffident  to  be  evidence  that  the 
vitamin  is  neither  an  enzyme  nor  a  protein,  for  the  temperature  coeffi- 
cients of  the  inactivation  or  denaturation  of  such  substances  have  been 
found  to  be  extremely  high,  t.  e.,  of  the  order  Qio=7(heat  destruction 
of  emukin,")  to  635  (coagulation  of  egg  albtmiin,^*)-  We  agree  fully 
with  this  view  and  would  also  point  out  that  the  temperattire  coefficient 
observed  corresponds  almost  exactly  with  that  of  a  diffusion^*  process. 

This  fact  coupled  with  the  fact  that  tomato  juice  is  of  a  colloidal  (2- 
phased)  nature  furnishes  presumptive  evidence,  at  least,  that  in  the  heat 
destruction  of  antiscorbutic  vitamin  we  are  dealing  with  a  heterogeneous 
reaction.*^ 

Reactions  having  temperature  coefficients  of  this  order  (1.2)  are  some- 
times explained  on  the  ground  that  a  part  of  the  reaction  is  photochemical 
in  nature.  Experiments  in  which  the  material  was  heated  at  60^  for  1 
hour  and  exposed  at  the  same  time  to  the  light  from  4  adjacent  500-watt 
heater  lamps  showed  no  increase  in  destruction  over  their  controls.  This 
is  in  harmony  with  Zilva's"  negative  results  in  which  the  ultra-violet 
rays  from  a  quartz  mercury  lamp  were  used. 

It  may  be  properly  asked  whether  or  not  the  flattening  of  the  re- 
action curve  can  be  explained  on  the  basis  of  the  tendency  to  reach  an 
equilibrium  point  due  to  the  mass-action  effect  of  the  products  on  the 
velocity  of  the  reverse  action,  as  has  been  shown  to  be  the  case  in  the  hy- 
drolysis of  lactose  and  for  the  system  glycerol :  glucoside  :  emulsin  investi- 
gated by  Dietz." 

The  principal  objection  to  the  acceptance  of  this  point  of  view  lies  in 
the  fact  that  the  equilibrium  point  if  there  is  one  must  be  capable  of  being 
shifted  from  say  75%  to  95%  of  completion  by  the  simple  addition  of 
dilute  sodium  hydroxide  causing  a  clumge  in  hydr(%en-ion  concentration 
from  10-*-»  to  about  10"".    See  Table  III. 

Our  results  would  warrant  the  general  view  that  for  short  periods 
of  time  (1  hour  or  less)  the  extent  of  the  deleterious  influence  of  heating 
depends  more  upon  the  length  of  time  than  it  does  upon  the  intensity 
of  the  process,  while  for  longer  periods  (4  hours  or  more)  the  effect  of 
the  intensity  assmnes  greater  prominence  in  comparison  to  the  time  than 
it  did  in  the  shorter  period.    Thus  on  heating  for  30  minutes,  it  would 

>«  Tammann,  Z.  physik.  Chem,,  18,  426  (1895). 

»  Chick  and  Martin,  /.  Physiol.,  40,  404  (1910). 

>*  Oholm  (Z.  physik,  Chem.,  50,  309  (1905))  found  the  temperature  coefficient 
of  the  diffusion  of  the  common  salts,  adds  and  bases  to  lie  between  1.19  and  1.28. 

>^  See  Lewis,  "System  of  Physical  Chemistry,"  Longmans,  Green  and  Co.,  2nd 
Ed.,  Vol.  1,  Chap.  X;  and  Bayliss,  Ref.  12,  for  a  discussion  of  the  kinetics  of  hetero- 
geneous reactions. 

«Zilva,    Biochem.    J.,    13,    164    (1919). 

"Dietz,   Z.   physioL    Chem.,   52,   279    (1907). 
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appear  from  Pig.  1  that  between  27%  and  30%  of  the  vitamin  is  destroyed, 
whether  at  80^  or  100  ^  whereas  at  the  end  of  4  hours'  heating,  the  differ- 
enoes  are  more  pronounced  for  the  same  temperatures,  namely,  53% 
and  68%. 

Effects  of  decreased  hydrogen-ion  concentration. — ^The  effects  of 
changed  hydrogen-ion  concentration  are  in  accordance  with  the  view 
generally  held,  since  the  publication  of  Hoist  and  Frdlich's  work,  that 
the  vitamin  is  more  stable  in  add  than  in  neutral  or  alkaline  solution. 
The  data  indicate  that  neutralization  of  less  than  Vs  of  the  natural  acidity 
(bringing  the  solution  to  a  hydrogen-ion  concentration  of  lO"***)  produces 
a  significant  change  in  the  velocity  of  destruction ;  namely  58%  is  destroyed 
mstead  of  60%.  When  the  tomato  juice  is  first  made  distinctly  alkaline 
to  phenolphthalein  with  carbon  dioxide-free  sodium  hydnmde,  and  after 
heating  one  hour  at  100^  is  re-addified  with  an  amount  of  hydro- 
diloric  add  equivalent  to  the  alkali  originally  added,  we  find  that  the 
destruction  is  increased  to  61%. 

On  the  other  hand  when  we  omit  the  re-addification  (Prep.  Illb)  we 
get  a  very  much  greater  effect,  due  in  aU  probability  to  the  continued 
destructive  action  of  the  hydrozyl  ions  at  10^.  The  latter  result  is  in 
accord  with  the  work  of  Harden  and  Zilva^  who  found  that  orange  juice 
made  0.05  N  alkaline  to  phenolphthalein  (our  Preparation  III  was  0.0244 
N  alkaline)  gave  partial  protection  when  fed  the  same  day,  but  no  pro- 
tection after  standing  for  24  hours.  Hess  and  Unger'  report  similar  results, 
but  ndther  investigator  states  the  $xact  temperature  employed. 

Oxidation  and  Reduction. — ^Following  the  completion  (March,  1921) 
of  the  experimental  work  given  in  the  preceding  tables,  5  papers  have  ap- 
peared in  rapid  succession  dealing  with  the  effect  of  various  oxidizing  agents 
upon  the  destruction  of  Vitamin  C.***»  *^'  **»  **•  **  The  data  given  show 
that  drastic  oxidizing  agents  such  as  potassium  permanganate  and  hy- 
drogen peroxide  destroy  more  or  less  vitamin  at  room  temperature,  and 
that  when  de-dtrated  lemon  juice  is  aerated  at  100®  for  2  hours  the  de- 
struction is  marked.  From  these  papers  some  have  gained  the  impression 
that  the  destruction  process  is  of  a  ptirely  oxidative  nature  and  that  the 
sole  effect  of  heat  is  to  increase  the  rate  of  this  oxidation  reaction.  In 
order  to  test  this  point  guinea  pigs  were  fed  doses  of  2, 3  and  4  cc.  of  tomato 
juice,  at  hydrogen-ion  concentrations  of  10~*-'  and  lO""*',  into  which 
oxygen  had  been  bubbled  at  atmospheric  pressure  while  it  was  being  heated 
at  100^  for  1  hour.  Other  preparations  were  treated  in  a  like  manner 
except  that  hydrogen  was  bubbled  through  them  instead  of  oxygen.    The 

•  Hess,  Proc.  Soc.  ExpU.  Bid.  Med.,  18,  143  (1921). 

»  Zilva,  Lancet,  I,  478  (1021). 

»  Ellis,  Steenbock  and  Hart,  /.  BioL  Chem.,  46,  367  (1921). 

»  Anderson/  Dutcher,  Eckles  and  Wilbur,  Science  N.  S.,  53,  446  (1921). 

M  Dutcher,  Harshaw  and  HaU,  /.  Biol.  Chem.,  47,  483  (1921).  ^  , 
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preliminary  results  obtained  from  13  animals  indicate  complete  destruc- 
tion in  both  the  acid  and  alkaline  preparations  in  which  oxygen  was  used. 
Where  hydrogen  was  used  the  degree  of  destruction  was  greater  than  in 
the  experiments  quoted  in  Tables  II  and  III,  which  would  support  the 
contention  that  the  destructions  measured  in  those  tables  are  primarily 
those  of  a  heat  effect  per  se  and  not  of  atmospheric  oxidation.  That 
destruction  by  atmospheric  oxygen  could  have  played  only  a  minor  r61e 
in  the  experiments  tabulated  above  becomes  more  apparent  when  we 
consider  that  the  amount  of  dissolved  oxygen  available  for  such  a  reaction 
must  of  necessity  be  considerably  reduced  since  it  is  in  equilibrium  with 
a  gaseous  mixture  immediately  above  the  liquid  in  which  the  air  originally 
present  has  been  displaced  by  the  water  vapor  coming  from  the  nearly 
boiling  solution,  a  condition  radically  different  from  the  case  where  oxygen 
or  air  is  bubbled  directly  into  the  hot  liquid. 

It  *is  entirely  possible  that  the  heat  destruction  of  Vitamin  C  is  of  the 
nature  of  an  intramolecular  oxidation  and  reduction  such  as  occurs  when 
aldehydes  or  sugars  are  heated,  especially  in  alkaline  solution.  The  addi- 
tion of  external  oxidizing  or  reducing  agents  then  would  serve  to  aid  in 
the  speed  and  completeness  of  the  reaction.  The  writers  intend,  when 
more  data  are  avaUable,  to  discuss  the  question  of  vitamin  oxidation 
from  the  standpoint  of  oxidation  and  reduction  potentials,  particularly 
in  regard  to  the  effect  of  hydrogen-ion  concentration  upon  the  magnitude 
of  these  potentials. 

Summary. 

1.  The  effect  of  heating  upon  the  destruction  of  the  antiscorbutic 
vitamin  in  tomato  juice  has  been  measiured  quantitatively  (=*=5%)  for 
periods  of  1  to  4  hours,  at  60^,  80^  and  100^. 

2.  The  results  show  that  the  velocity  of  destruction,  under  the  condi- 
tions of  the  experiments,  decreases  with  the  time  and  in  greater  degree  than 
would  be  expected  if  the  reactioni  followed  the  unimolecular  law  or  the 
square  root  rule  of  Schutz.  The  percentage  destroyed  varied  empirically 
as  the  4th  root  of  the  time. 

3.  The  temperature  coeflScient  is  of  low  order: 

Qio  (60-80 °)  =  1.23  ;Gio  (80-100^)  =  1.12. 
The  reaction  is  not  appreciably  sensitive  to  ordinary  light.    It  is  probably 
of  the  heterogeneous  type. 

4.  The  effect  of  reducing  the  hydrogen-ion  concentration  from  C^* 
10"*'  to  Ch*  (10"*'  to  10~*')  is  to  increase  the  destruction  during 
1  hour  at  100**  from  50%  to  about  58%.  When  the  material  was  made 
faintly  alkaline,  Ch*  (10"^®-*  to  10"*»),  the  destruction  was  61-65%. 

5.  When  re-acidification  after  heating  in  alkaline  solution  {Cn^  lO"*®* 
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to  10"*-')  was  omitted,  and  the  material  allowed  to  remain  alkaline  at 
10**  and  fed  over  a  period  of  5  days,  the  destruction  rose  to  90-95%. 

6.  The  possibility  of  oxidation  and  reduction  in  these  and  other  experi- 
ments is  discussed. 
Nbw  York  City. 

[CONTIUBUTI3N  FROM  TBB  DBPARTBCBNT  OF  CHBMISTRY,  UNIVSRSITy  OF  NEBRASKA.] 

THE  PREPARATION  AND  PROPERTIES  OF  SEVERAL  PHENYL 
ALKYL  SUCCINIC  ACIDS. 
By  pRSD  W.  Upson  and  T.  J.  Thompson.^ 

Received  September  6,  1921. 

The  original  purpose  of  this  investigation  was  the  separation  of  the  optical 
isomers  of  wopropyl-phenyl-succinic  acid  prepared  by  Avery  and  Upson.* 
To  the  present  time  this  has  not  been  accomplished  although  resolution 
was  attempted  with  brucine,  quinine,  strychnine  and  cinchonine.  During 
the  course  of  the  attempted  resolutions,  however,  a  number  of  incidental 
questions  arose.  Among  these  were  the  preparation  of  other  substituted 
succinic  acids,  the  difficulty  of  saponification  of  the  nitrils  of  certain  sub- 
stituted succinic  acids  already  referred  to  by  Avery  and  Upson,  and  the 
stnicture  of  the  sodium  benzyl  compotmd  which  results  from  the  interac- 
tion of  sodium  amide  and  benzyl  cyanide. 

I.  Preparation  of  Nitrils. 

Preparation  of  alkyl  phenyl-succino-nitril  and  of  alkyl  phenyl-succino- 
half-nitril  half -ester  was  carried  out  by  condensing  alkyl  cyanohydrines 
with  benzyl  cyanide  by  means  of  (1)  sodium  ethoxide,  or.methoxide  and 
(2)  esters  of  a-bromo  fatty  acids  with  benzyl  cyanide  by  means  of  sodamide, 
respectively. 

1.  Alkyl  Aldehyde  Cyanohydrines  with  Benzyl  Cyanide.  Discussion. 
—When  it  was  determined  that  wopropyl-phenyl-succinic  acid  could  not 
be  resolved,  an  attempt  was  made  to  prepare  other  substituted  succinic 
acids,  in  the  belief  that  optically  active  comppunds  might  be  resolved  from 
them.  The  method  of  condensation  employed  was  a  modification  of  the 
one  used  by  Avery  and  Upson*  in  the  preparation  of  isopropyl-phenyl- 
succino-nitril.  The  condensations  of  the  cyanohydrines  of  acetic  aldehyde, 
n-propionic  aldehyde,  acetone,  methylethyl-ketone  and  isovaleric  alde- 
hyde with  benzyl  cyanide  were  attempted  in  the  order  mentioned;  but 
isovaleric-cyanohydrine  was  the  only  one  that  gave  a  condensation  com- 
pound. The  )rield  was  very  good  in  the  case  of  the  isovaleric  -phenyl-suc- 
cino-nitril; also  in  the  case  of  wopropyl-phenyl-succino-nitril.    As  yet  we 

*  The  dissertation  upon  which  this  paper  is  based  was  presented  by  T.  J.  Thompson 
as  partial  fulfilment  of  the  requirements  for  the  degree  of  Doctor  of  Philosophy  in  the 
University  of  Nebraska. 

*  Avery  and  Upson,  Tms  Journal,  30,  600  (1908).  ^  , 
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have  been  unable  to  determine  why  we  could  not  secure  favorable  results 
from  the  other  cyanohydrines.  It  was  first  thought,  as  suggested  by 
Higson  and  Thorpe,'  that  the  proportional  amount  of  sodium  used  was  too 
large,  but  this  was  reduced  far  below  the  equimolecular  proportion  with 
the  same  results. 

Experimental. — ^nce  the  operatioiis  in  each  case  were  in  the  main  the  same, 
only  the  condensation  of  if  ovaleric-csranohydrine  with  benzyl  cyanide  will  be  described. 

Eight  g.  of  benzyl  cyanide  was  added  to  1.5  g.  of  sodium,  which  had  been  dissolved 
in  an  excess  of  methyl  alcohol.  To  the  sodimn  methozide-benzyl  cyanide  solution, 
8  g.  of  i5avaleric-aldehyde-C3ranohydnne  was  added.  The  mixture  was  shaken  several 
times  and  allowed  to  stand  for  several  hours,  whereupon  large  csrrstals  of  the  isohutyl- 
phenyl-sucdno-nitril  separated. 

H  Na  H 

OH  H  R— C— C  =  N 

I 
H 

When  it  was  believed  that  crystallization  was  complete,  the  crystals  were  collected,  and 
dissolved  in  hot  methyl  alcohol.  After  this  solution  cooled,  water  was  added  until 
crystallization  of  the  nitril  occurred.  The  aystals  were  dried  and  weighed.  Yield, 
84%,  much  better  than  the  yield  obtained  by  Avery  and  Upson.  Ethyl  alcohol  may 
be  used  in  place  of  methanol,  but  is  slower  in  reaction  and  the  yield  is  slightly  less. 

2.  Ethyl  Esters  of  Alpha-bromo  Fatty  Acids  with  Benzyl  Cyanide. 
Discussion. — In  1910  Bodroux  and  Taboury*  allowed  sodamide  to  react 
with  benzyl  cyanide  suspended  in  ether.  By  means  of  the  reaction  of 
alkyl  halides  on  this  soditun  benzyl  cyanide,  they  were  able  to  prepare  a 
number  of  derivatives.  This  method  was  adapted  to  the  preparation  of 
the  substituted  succinic  adds,  if  a-bromo  fatty  add  esters  were  used  in 
place  of  alkyl  halides.  In  each  reaction  attempted,  more  or  less  satis- 
factory results  were  obtained.    The  yield  was  generally  quite  low. 

Experimental. — ^Pour  g.  of  finely  powdered  sodamide  was  suspended  in  40  cc.  of 
absolute  ether  and  to  this  12  g.  of  benzyl  cjranide  was  added  in  small  amounts  while 
the  reaction  mixture  was  cooled  by  running  water.  A  moderate  reaction  occurred. 
Ammonia  was  evolved  and  the  solution  assumed  a  color  varying  from  amber  to  red. 
After  the  reaction  had  subsided,  the  mixture  was  refluxed  for  12  hours.  To  the  sodium 
benzyl  cyanide  compound  21  g.  of  ethyl  a-bromo-«5avalerate  was  added  in  small  amounts 
while  the  reaction  flask  was  cooled  in  running  water.  After  a  vigorous  reaction,  the 
mixture  set  to  a  jeUy-like  mass.  A  large  excess  of  absolute  ether  was  added  and  the 
mixture  was  refluxed  for  24  hours. 

Br  o  Na  H 

R-C~C-OR  +    <^       ^^c~C  =  N— ><^        y  _C-C  =  N      +  NaBr 

I  I  I 

"  ^  R— C— C— OR 

I      II 
H    O 


*  Higson  and  Thorpe,  /.  Chem,  Sac.,  89,  1466  (1906). 

«  Bodroux  and  Taboury,  Compt,  rend.,  150,  531-3  (1910i^g|tJ2gd  by  GoOQie 
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When  the  reaction  was  complete,  the  ether  solution  was  acidified  with  dil.  hydrochloric 
add.  At  this  x)omt,  when  an  excess  of  sodamide  was  added,  crystals  of  the  half  add 
<x  dibasic  add  separated.  Whether  they  were  the  half-add,  or  the  dibasic  add, 
<lepended  upon  the  character  of  the  substituted  groups.  This  will  be  discussed  later. 
Usually  an  excess  of  sodamide  was  avoided  and  the  add  solution  was  extracted  several 
times  with  ether.  Evaporation  of  the  ether  under  diminished  pressure  on  the  boiling 
water-bath  left  an  oily  viscous  residue  in  the  flask.  When  cone,  hydrochloric  add  was 
added  and  the  condensation  product  was  refluxed  for  8  hours,  most  of  the  oily  residue 
<lisappeared;  and,  as  the  product  cooled,  small  crystals  separated.  Since  these  crystals 
were  insoluble  in  ben^l,  it  was  possible  to  extract  the  non-hydrolyzed  residue,  to  evapo- 
rate the  benzol  under  diminished  pressure,  and  to  continue  the  hydrolysis  as  before. 
Then  the  crystals  were  filtered  from  the  diluted  hydrochloric  add  solution,  dried,  and 
<lis8olved  in  hot  alcohol.  The  alcohol  solut  on  was  cooled  and  water  added,  whereupon 
•crystals  separated;  m.  p.  (uncorr.)  172''.  Titration  of  0.0910  g.  required  38.3  cc.  of 
0.01  N  sodium  hydroxide  solution;  the  calculated  amount  for  one  hydrogen  is  41.7  cc. 

The  crystals  gave  a  positive  test  for  nitrogen.  The  titration  indicated  that  the 
onnponnd  had  been  hydrolyzed  only  partially.  Since  irregularity  in  saponification 
bad  already  been  observed,'  the  half-add  was  placed  in  a  bomb  tube  with  cone,  hydro- 
^ikxric  add  and  heated  at  135*  for  24  hours.  The  aystaUine  substance  obtained  was 
washed  into  a  beaker,  and  diluted  with  water  to  dissolve  ammonium  chloride.  The 
crystals  were  then  collected  and  dissolved  in  the  smallest  amount  of  hot  alcohol.  The 
addition  of  a  large  amount  of  cold  water  caused  a  copious  crop  of  cnrstals  to  separate 
which  mdted  sharply  at  178"*.  Titration  of  0.0722  g.  required  69.0  cc.  of  0.01  N  sodium 
hydroxide  solution;  the  calculated  for  two  replaceable  hydrogens  is  61.2  cc.  The  3ridd 
was  poor.    A  qualitative  test  for  nitrogen  was  negative. 

A  mixed-mdting-point  determination  was  made  with  the  adds  obtained  from  ethyl 
^t-bromo-fjovalerate  and  isobutyl-aldehyde-cyanohydrine  condensation  compounds 
with  benzyl  cyanide.  This  mixture  mdted  sharply  at  178  ^  and  therefore  the  com- 
pounds resulting  from  the  two  methods  of  preparation  are  identical. 

When  the  hydrolysis  was  not  attempted  by  means  of  refluxing  but  the  oily  residue 
was  placed  immediatdy  in  the  bomb  tubes,  the  cnrstals  were  found  to  be  envdoped  in 
an  oily  viscous  mass  which  could  be  removed  by  shaking  them  with  benzene. 

Ttiis  same  method  has  been  applied  in  the  preparation  of  the  following 
new  substituted  succinic  adds,  in  addition  to  the  one  already  discussed: 
iX)  ti-propyl-phenyl-succinic  acid,  prepared  from  .ethyl  a-bromo-n- valerate 
and  benzyl  cyanide;  (2)  ethyl-phenyl-succinic  acid,  prepared  from  ethyl 
-cr-bromo-n-butyrate  and  benzyl  cyanide;  (3)  methyl-phenyl-succinic  add, 
|>repared  from  ethyl  a-bromo-propionate  and  benzyl  cyanide. 

n.  Saponification. 

Discussion. — It  had  been  observed  by  Avery  and  Upson  that  the 
saponification  of  isopropyl-phenyl-sucdno-nitril  was  difficult.  A  similar 
difficulty  of  saponification  of  diphenyl-sucdno-nitril  has  been  noted  by 
a  number  of  investigators.*  So  far  as  we  have  been  able  to  determine, 
*  Rehner,  (Ber.,  14»  1802  (1881))  m  speaking  of  saponifying  dicirano-dibenzyl  says: 
"Upon  heating  with  alcoholic  potassium  hydroxide  the  substance  yielded  besides  a 

resinous  product  only  a  very  slight  amount  of  add A  more  sucessful 

saponification  was  accomplished  by  heating  with  concentrated  hydrochloric  add  at  200°." 
Chalonay  and  Knoevenagd  (Ber.,  25, 289  (1892))  say :   "By  heating  the  substance 
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diphenyl-succino-nitril  has  never  been  bydrolyzed  satisfactorily  except 
tinder  pressure  at  high  temperatures.  We  believe  this  fact  indicates  a 
steric  hindrance  effect.  This  deduction  is  further  borne  out  by  the  present 
investigation,  because  it  has  been  impossible  to  saponify  t5(7-propyl- 
phenyl-succino-nitril  and  M^butyl-phenyl-succino-nitril  further  than  the 
half-acid  by  the  usual  methods;  while  «-propyl-,  ethyl-  and  methyl-phenyl- 
succino-nitril  are  saponified  with  increasing  ease  by  the  usual  methods^ 
It  should  be  noted  that  when  the  half-aitril  half-ester  of  isohvityl  or  iso- 
propyl-phenyl-succinic  acid  was  saponified,  the  nitril  group  remained, 
intact,  and  from  the  method  of  condensation,  this  nitril  group  must  be  ad- 
jacent to  the  phenyl  group.  The  preparation  of  a  compound  with  an 
ester  group  adjacent  to  the  phenyl  was  attempted  by  condensing  ethyl 
ester  of  phenyl-bromo-acetic  acid  with  aliphatic  nitrils,  but,  as  yet,  positive 
results  have  not  been  obtained.  It  was  hoped  that  this  compoimd  could 
be  prepared  so  that  we  might  determine,  in  a  measure  at  least,  whether 
the  difficulty  of  saponification  is  entirely  one  of  steric  hindrance,  or  both' 
steric  hindrance  and  resistivity  of  the  nitril  group  to  saponification.  In- 
this  connection  Wren  and  Still*  say:  "The  saponification  of  alpha  (raceniic) 
ethyl  diphenyl-succinate  with  aqueous    alcoholic  potassium    hydroxide 

proceeds  normally "    This  would  indicate  that  the  character  of  the 

nitril  group  as  compared  with  the  ester  group  entered  into  the  question 
of  saponification.  Sulo  Kilpi'^  after  studying  the  rate  of  hydrolysis  of 
aceto-,  propiono-,  w-butyro-  and  w-valero-nitrils  with  hydrochloric  acid 
and  alcohol  and  aqueous  alkali  states;  "The  velocity  of  hydrolysis  increases- 
in  the  same  direction  as  does  the  negative  character  of  the  carbon  atom  of 
the  carbonyl  group  determined  according  to  the  system  of  Michael."' 
Although  an  accurate  determination  of  the  velocity  of  hydrolysis  was  not 
made,  it  has  been  definitely  shown  that  the  speed  and  ultimate  complete 
saponification  depends  upon  the  character  of  the  alkyl  groups  introduced^ 
Whether  the  results  are  best  explained  by  Michael's  system,  or  on  the 
basis  of  a  steric  hindrance  effect,  we  cannot  say  at  the  present  time. 
Either  theory  seems  to  offer  a  satisfactory  explanation  of  the  observed 
facts. 

Experimental. 

Hydrolysis  of  Iso-propyl-phenyl-succino-nitril  by  the  Usual  Methods. 

(1)  Five  g.  of  Mopropyl-phenyl-succino-nitril  was  refluxed  with  a  30%  solutioir 
of  sodium  hydroxide  for  8  hours.    At  this  time,  a  portion  of  the  solution  was  with- 

(diphenyl-succinonitril)  with  concentrated  hydrochloric  acid  at  150-160°  diphenyl- 
succinic  acid  melting  at  229-230**  was  obtained." 

Wren  and  StiU  (/.  Chem.  Soc,  107,  445  (1916))  report:    "It  was  further  found 
that  the  hydrolysis  of  diphenyl-succinonitril  at  200**  by  means  of  aqueous  hydrochloric 
acid  leads  to  the  formation  of  meso-diphenyl-succinic  acid  " 
•  Ref.  5,  p.  444. 
'  Kilpi,  Z.  physik.  Chem.,  86,  641--81  (1914).  ^  . 
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-drawn  and  acidified  with  hydrochloric  acid,  whereupon  crystals  separated.  The  crystals 
-were  dissolved  in  alcohol  and  when  titrated  indicated  only  a  trace  of  acid.  The  refluxing 
was  continued  for  10  hours,  when  0.0526  g.  required  1.9  cc.  of  0.1  N  sodium  hydroxide 
for  neutralization;  calc.  for  half -acid,  2.4  cc.  The  mixture  was  refluxed  again  for  8 
hours,  and  upon  titration  indicated  the  presence  of  the  half-add.  Further  refluxing 
failed  to  hydrolyze  the  second  nitril  group. 

(2)  Five  g.  of  the  nitril  was  placed  in  a  flask  and  100  cc.  of  95%  alcohol  added. 
Fifteen  g.  of  solid  sodium  hydroxide  was  added  to  the  alcohol  solution  and  the  whole 
refluxed  for  12  hours.  The  alcohol  was  removed  by  vacuum  distillation  and  the  residue 
acidified  with  hydrochloric  add  just  dilute  enough  to  dissolve  the  ammonium  chloride. 
As  in  the  first  case,  when  the  solution  was  addified,  a  crystalline  substance  separated 
which,  when  titrated,  showed  the  presence  of  one  replaceable  hydrogen.  Further 
treatment  with  alcoholic  sodium  hydroxide  gave  the  same  result. 

(3)  Five  g.  of  the  nitril  was  dissolved  in  25  cc.  of  methyl  alcohol  and  an  equal 
-amount  of  water,  to  which  was  added  5  g.  of  sodium  hydroxide.  After  this  solution 
had  been  refluxed  for  8  hotu^,  0.1143  g.  required  3.2  cc.  of  0.1  N  sodium  hydroxide 
-solution  for  neutralization;  calc.  for  one  acid  group,  5.13  cc.  "^e  refluxing  was  con- 
tinued for  30  hours  longer,  but  hydrolysis  could  not  be  carried  beyond  the  half-sfcid 
-stage. 

(4)  Five  g.  of  the  add  was  placed  in  a  flask  with  100  cc.  of  cone,  hydrochloric 
add  and  the  whole  refluxed  for  2  hotu*s,  when  the  water  and  add  were  evaporated  under 
diminished  pressure.  The  residue  was  treated  again  with  100  cc.  of  cone,  hydrochloric 
add  and  reflux^  for  8  hours.  The  crystals  which  separated  from  the  cold  dil.  hydro- 
chloric add  solution  proved  to  be  the  half-add. 

Hjrdrolysis  in  every  case  was  best  brought  about  by  the  use  of  cone  hydrochloric 
add.-  It  was  possible  to  hydrolyze  completdy  the  half-ester  half-nitril  of  n-propyl- 
phenyl-,  ethyl-phenyl-  and  methyl-phenyl-succinic  add  in  16,  10  and  4  hours,  respec- 
tivdy.  The  half-ester  half-nitril  of  fjopropyl-phenyl-sucdnic  add  was  hydrolyzed  in 
much  the  same  manner  as  the  nitril  and  to  the  same  degree.  However,  the  ester  group 
appeared  to  be  more  easily  hydrolyzed  than  the  corresponding  nitril  group. 

m.  Analysis  and  Properties  of  the  Acids. 
The  acids  are  soluble  in  alcohol  and  ether  and  insoluble  in  cold  water, 
benzol,  petroleum  ether,  and  chloroform.    Their  solubility  in  alcohol  is  a 
function  of  the  number  and  relative  positions  of  the  carbons  of  the  sub- 
stituted alkyl  groups.    Methyl-phenyl-succinic  acid  is  readily  soluble  in 

Tabvb  I 
Analyses,  Mblting  Points  and  SoLUBiLirms  op  the  Acros* 


Acid  Hydrogen 

Calc.     Pound 

%  % 

ftsoButyl-pheny  l-sucdnic  acid 7. 02  7.11 

wPropyl-phenyl-sucdnic  acid 6 .  77  7 .  06 

fi-Prop3d-phenyl-succinic  acid 6 .77  6 .87 

Ethyi-phenyl-sucdnie  acid 6 .30  6 .51 

Methyl-phenyl-succinic  acid 5 .  73  5 .  89 

*  AnaXyaes  by  F.  L.  Herman  and  L.  Porter. 


Solubility    m 

100  g.  water 

at25» 

Carbon 

M.  p. 

X10« 

Calc. 

% 

Pound 

% 

^c. 

G. 

67.02 

66.84 

183.4 

13.3 

66.1 

66.16 

178 

20.6 

66.1 

66.00 

213 

2.11 

64.86 

64.53 

196 

10.5 

63.41 

63.71 

182 

41.1 
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cold  methyl  or  ethyl  alcohol  and  cannot  be  precipitated  froip  aloohot  soltt- 
tions  by  the  addition  of  cold  water  as  can  the  other  acids  of  the  series. 
It  can  be  purified  only  by  recrystallization  from  hot  water.  MicroscoiMC 
examination  of  the  crystals  of  the  acids  shows  that  each  one  possesses  a 
characteristic  crystalline  form.  The  crystals  of  tsopropyl-phenyl-succiiiic 
add  are  especially  beautiful. 

Four  determinations  of  the  molecular  weight  of  i5(7propyl-phenyl- 
sucdnic  add  were  made  by  the  boiling-point  method.  The  molecular 
wdght  determined  from  an  average  of  the  four  is  241 ;  that  calculated,  236. 

Structure  of  Sodium  Benzyl-Cyanide  Compound. 

During  the  course  of  this  investigation,  a  deposit  of  the  sodium  com- 
pound, formed  by  sodamide  with  benzyl  cyanide  in  ether  solution,  was 
acddentally  allowed  to  stand  on  a  fiilter  paper.  When  the  ether  evaporated 
auto-oxidation  took  place  accompanied  by  considerable  heat  evolution. 
The  heat  of  the  reaction  was  suffident  to  decompose  the  filter  paper  com- 
pletdy  wherever  the  residue  came  in  contact  with  it.  It  is  thought  the 
decomposition  of  a 'slight  excess  of  sodamide  liberated  sufiSdent  heat  to 
start  an  auto-oxidation.  Since  such  auto-oxidation  reactions  are  in  general 
characteristic  of  unsaturated  compotmds,  we  believe  that  Ihe  results  ob- 
served indicate  a  state  of  unsattuation.  The  residue  left  after  the  reaction 
was  complete  was  yellow  in  color  with  a  cork-like  texture. 

A  portion  of  the  product  was  shaken  with  water  in  which  it  dissolved 
to  give  a  dear  solution.  A  small  amount  of  the  water  solution  gave  a 
very  positive  reaction  for  sodium  cyanide.  Since  the  water  solution  showed 
no  trace  of  immisdble  liquids,  such  as  benzyl  cyanide,  benzyl  alcohol,  or 
benzaldehyde,  it  was  conduded  that  the  remainder  of  the  sodium  benzyl- 
cyanide  compotmd  dther  must  have  volatilized  dtuing  the  auto-oxidation^ 
or  must  be  present  in  the  residue  in  a  soluble  form.  A  small  quantity  of 
the  cork-like  residue  was  placed  in  a  distilling  flask  and  heated  on  an  oil- 
bath.  The  temperatm^  was  raised  gradually  until  as  it  approached  125**" 
small  crystals  began  to  collect  on  the  neck  of  the  flask.  The  heating  was 
continued  until  the  temperature  reached  180**.  The  crystals  were  re- 
crystaUized  from  hot  water  and  proved  to  be  benzoic  add.  In  view  of 
these  facts  we  suggest  Formula  I  for  the  sodium  benzyl  cyanide  compound,. 
H  Na 

(I).  (II). 

and  we  believe  the  results  observed  can  be  explained  better  by  this  formula 
than  by  Formula  II  at  present  current  in  the  literature. 
In  condusion  the  facts  seem  to  indicate  that  a  state  of  unsaturatioD 


\ 
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exists  in  the  compound,  and  since  the  presence  of  sodium  cyanide  and 
benzoic  acid  has  been  shown,  this  tmsaturation  must  exist  between  the 
carbon  atoms. 

The  results  and  vigorousness  of  the  reaction  are  probably  best  explained 
by  (1)  assuming  that  the  unsaturation  promotes  the  absorption  of  oxygen 
and  the  cleavage  of  the  compound  into  benzaldehyde  and  sodium  iso- 
cyanide,  whidi  always  exist  in  equilibrium  with  sodium  cyanide,  cleavage 
at  the  ethenoid  linkage  being  a  common  reaction  especially  in  the  presence 
of  alkalies ;  (2)  the  fact  that  benzaldehyde  in  the  presence  of  air,  it  is  known, 
readily  absorbs  oxygen  forming  benzoyl  hydrogen  peroxide;  and  (3)  the 
belief  that  the  peroxide  thus  formed,  being  a  very  active  oxidizing  agent, 
interacts  with  benzaldehyde  forming  benzoic  acid,  thus  accounting  for  the 
vigorousness  of  the  reaction. 

A  simple  explanation  of  the  condensation  reaction  on  the  basis  of  the 
ISO  structure  of  the  sodium  benzyl  cyanide  compoimd  is  suggested  by 
Nef  *s*  ideas  of  the  aceto-acetic  ester  and  aldol  condensations. 

The  condensation  reactions  are  therefore  outlined  thus,  using  the  sug- 
gested formula. 

1.  The  bromo  ester  dissociates  hydrogen  bromide. 

Br  o  ^    O 

R-<:— C— OR  ♦=^  R— C C— OR  -f  HBr. 

2.  Hydrogen  bromide  reacts  on  the  sodium  benzyl-cyanide  giving  a  ketene-imide 
structure. 

H  H 


^— C  =  C  =  NHNa|  -f  HJBrj  (   \-~C  =  C=N— H  +  NaBr. 

i i        ""V 

3.  The  ketene-imide  adds  to  the  alkylidene  derivative  of  the  ester  at  the  same  time 
undergoing  rearrangement  as  follows. 

-< r  CsN 

R— C— H 

I 
0  =  C— OR. 

The  work  on  the  structiu^  and  properties  of  other  metallic  derivatives 
of  benzyl  cyanide  is  being  continued. 

Sununary. 
1.  The  following  new  substituted  succinic  adds  were  prepared:    (1) 
methyl-phenyl-succinic  add,  (2)  ethyl-phenyl-sucdnic  add,  (3)  «-propyl- 
phenyl-sucdnic  add,  (4)  Mobutyl-phenyl-sucdnic  add. 
•Ref.  Ann.,  298,  218  (1897). 
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2.  The  preparation  of  the  acid  was  brought  about  by  two  operations: 
(1)  the  condensation  of  molecules  of  proper  constitution  in  the  molecular 
proportions  to  S3mthesize  the  desired  nitril  or  ester;  (2)  the  hydrolysis 
of  the  nitril  or  ester. 

3.  Two  methods  were  used  to  bring  about  the  condensation:  (1)  al- 
dehydes of  the  fatty  acid  series  were  converted  to  the  cyanohydrines  and 
condensed  with  benzyl  cyanide  by  means  of  sodium  ethozide  or  sodium 
methoxide;  (2)  esters  of  a-bromo  fatty  adds  were  condensed  with  benzyl 
cyanide  by  means  of  sodamide. 

4.  The  complete  hydrolysis  of  the  nitrils  or  esters  of  isopropyU  ondisth 
butyl-phenyl-succinic  acid  cannot  be  brought  about  by  the  usual  add  or 
alkali  methods,  but  these  substances  must  be  heated  in  a  bomb  tube  at 
130-140  ^  for  from  24  to  30  hours.  This  resistance  to  hydrolysis  is  probably 
due  to  a  steric  hindrance  effect,  to  an  dectrochemical  effect  of  the  sub- 
stituted alkyl  group,  or  to  a  combination  of  the  two  effects. 

5.  The  general  properties  of  each  add  vary  according  to  its  constitution. 

6.  A  new  formula  is  suggested  for  the  compound  formed  when  sodamide 
reacts  with  benzyl  cyanide  in  ether  solution. 

LmCOLN,  NSBRASKA. 

[Contribution  from  thb  Chbmical  Laboratory  op  the  Univbrsity  op  Michigan.] 

DI-a-NAPHTHYL-PHENYL  GARBINOL  AND  DI-a-NAPHTHYL- 
PHENYL-METHYL. 

By  C.  S.  SCHOBPPI.B. 

Received  September  6,  1921. 

In  a  previous  paper,*  it  has  been  shown  that  the  hexa-aryl-ethane, 
di-a-naphthyl-tetraphenyl-ethane,  is  dissociated  to  a  very  marked  extent 
into  the  free  radical,  a-naphthyl-diphenyl-methyl,  R«C — CRs  Z^  2  RsC. 
This  dissociation  is  influenced  by  the  nature  of  the  solvent,  the  concentra- 
tion of  the  radical  in  solution,  and  by  the  temperature,  the  latter  being 
the  most  important  factor.  Molecular-weight  determinations  in  various 
solvents  freezing  at  temperatures  from  6°  to  80°,  showed  that  at  6**  the 
radical  exists  as  30%  dimolecular  and  70%  monomolecular,  the  dissociation 
increasing  until  at  approximately  62°  only  the  monomolecular  form  is 
present  in  solution.  However,  above  this  temperature  the  molecular 
weight  continues  to  decrease,  showing  that  a  further  dissociation  of  the 
monomolecular  form  must  be  taking  place,  the  nature  of  which  could  not  be 
ascertained.  With  the  hope  of  obtaining  more  infonnation  concerning 
this  interesting  phenomenon,  a  study  of  the  free  radical  di-a-naphthyl- 
phenyl-methyl  was  undertaken,  since  it  was  known  that  the  naphthyl 
group  exerts  a  great  influence  on  the  extent  of  the  dissociation.' 

» Gomberg  and  Schocpfle,  Tms  Journai,,  41,  1655  (1919). 
•  Gomberg  and  Schoepfle,  ibid.,  39,  1672  (1917). 
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Di-o-naphthyl-pheiiyl  Carbinol,^    V-C— OH  .—Acree*  attempted 


to  prepare  di-a-naphthyl-phenyl  carbiaol  from  benzoyl  chloride  and 
a-naphthyl-magnesitmi  bromide,  but  found  that  only  a-naphthyl-phenyl 
ketone  was  formed.  Elbs^  obtained  the  carbinol  by  heating  a-naphthyl- 
phenyl-/3-ptnacoline  with  alcoholic  potash,  and  describes  it  as  a  grayish- 
ydlow  crystalline  crust  from  ether-alcohol;  m.  p.  160-170 ^ 

In  repeating  Acree's  experiment,  it  was  found  that  when  benzoyl  chlor- 
ide and  a-naphthyl-magnesium  bromide  are  allowed  to  react  in  ether 
sohition,  the  impure  product  which  is  obtained  upon  decomposition  with 
water  and  dilute  add  consists  mainly  of  a-naphthyl-phenyl  ketone  but 
contains  a  small  amount  of  di-a-naphthyl-phenyl  carbinol  which  can 
be  isolated  only  with  considerable  difficulty.  The  substitution  of  ethyl 
benzoate  for  benzoyl  chloride  gives  a  purer  product  but,  again,  the 
jridd  of  the  carbinol  is  very  low,  about  10%.  When,  however,  the  reaction 
between  ethyl  benzoate  and  a-naphthyl-magnesium  bromide  is  carried 
out  at  a  higher  temperature,  100-110^,  then  the  yield  of  the  carbinol  is 
increased  to  about  30-35%.  The  procedtu^  is  as  follows.  The  Grignard 
reagent  is  prepared  in  the  usual  manner  from  10  g.  of  magnesium  and 
75  g.  of  a-naphthyl  bromide  in  ether.  When  the  reaction  is  completed, 
the  ether  is  distilled  under  reduced  pressure,  toluene  is  added,  and  the 
flask  is  immersed  in  an  oil-bath  heated  to  110-115^.  Twenty-five  g.  of 
ethyl  benzoate  is  then  added  slowly  to  the  boiling  solution,  and  after  an 
additional  10-15  minutes'  heating,  the  flask  is  cooled  and  the  product 
decomposed  with  ice  and  dil.  hydrochloric  add.  After  evaporation  of  the 
solvent,  the  residue  is  distilled  with  steam  and  taken  up  in  benzene,  from 
which  the  carbinol  is  obtained  in  large,  colorless  crystals  containing  1.5 
molecules  of  benzene  of  crystallization.    Yield,  about  25  g. 

The  carbinol  is  readily  soluble  in  chloroform,  carbon  disulfide,  carbon 
tetrachloride,  ethyl  acetate,  acetone  and  ether,  fairly  soluble  in  benzene, 
less  soluble  in  alcohol  and  acetic  add,  and  very  slightly  soluble  in  petroleum 
ether.  The  melting  point  of  the  piu«  carbinol  is  166-167®.  With  cone, 
sulfuric  add  and  with  perchloric  add,  it  gives  a  deep  purple  color  which, 
however,  is  transient  and  soon  disappears. 

Calc.  for  CtiHaO:  C,  89.96;  H,  5.60.    Found:  C,  89.97,  89.76;  H.  5.61,  5.53. 


*  Adce,  &r.,  37,  625  (1904). 

«Blb8.  /.  fratd.  Chem.,  35,  507  (1887). 
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Additive  Compounds  with  Various  Solvents.— The  carbinol  forms  additive  oom- 
pounds  with  ether,  ethyl  acetate,  acetone,  ethyl  alcohol,  and  benzene.  The  resulting 
compound  in  the  case  of  the  first  4  solvents  consists  of  one  molecule  of  the  carbinol  and 
one  molecule  of  the  solvent;  for  example,  CtrH»O.CtH«OH.  With  benzene,  the  com- 
pound 2Gt7Hfo0.3C«Hc  is  formed.  These  additive  compounds  are  perfectly  stable  and 
at  room  temperature,  do  not  lose  the  solvent  of  crystallization  even  in  vacuo.  They 
show  melting  points  ranging  from  75-100  ^  at  which  temperatures  the  solvent  of  crys- 
tallization is  given  off. 

With  chloroform,  carbon  disulfide,  carbon  tetrachloride,  acetic  add  and  petroleum 
ether,  no  additive  compounds  are  formed. 

Di-cr*naphthyl-phen^-chloromethane  and  -bromometfaane. — Di-a-naphthyl-phenyl- 
chloromethane  was  prepared  by  treating  di-a-naphthyl-phenyl  carbinol  with  acetyl 
chloride.  Ten  g.  of  the  carbinol  (2Cs7Hso0.3CtHt)  is  dissolved  in  benzene  and  (0  g.  of 
acetyl  chloride  added.  After  standing  for  a  short  time,  the  solution  is  oonoentrated 
under  reduced  pressure  while  the  temperature  of  the  solution  is  kept  below  50*  to  pre- 
vent decomposition.  Upon  the  addition  of  petroleum  ether,  clusters  of  colorless  OTStals 
are  obtained  in  almost  quantitative  iridd.  The  material  used  for  the  preparation 
of  the  free  radical  was  always  recrystallized  from  benzene  by  the  addition  of  petroleum 
ether  to  remove  any  traces  of  add.  The  chloride  is  not  very  stable  and  slowly  becomes 
colored  on  standing.  It  mdts  at  165-167*  with  decomposition,  and  loss  of  hydrogen 
chloride. 

The  chloride  was  also  prepared  by  passing  dry  hydrogen  chloride  into  a  solution  of 
di-a-naphthyl-phenyl  carbinol,  but  a  small  amount  of  the  chloride-hydrochloride, 
CtrHisCl.HCi,  was  usually  formed.  This  compound,  which  has  a  deep  purple  color,  is 
unstable  and  rapidly  decomposes  to  form  phenyl-di-a-naphthofluorene.  Therefore 
this  method  often  gives  an  impure  product. 

Analysis.    Calc.  for  CrHivCl:    CI,  9.36.    Found:    9.21. 

If  di-a-naphthyl-phenyl  carbinol  is  treated  with  acetyl  bromide  as  above,  the 
corresponding  di-a-naphthyl-phenyl-bromomethane  is  obtained  in  colorless  crirstab 
which  mdt  at  125-127*  with  decomposition,  and  loss  of  hydrobromic  add.  The  bro- 
mide, like  the  chloride,  is  tmstable  and  becomes  colored  on  standing.  It  readily  forms 
.  an  additive  compound,  CrHisBr.HBr,  when  treated  in  solution  with  hydrogen  bromide. 

Analysis.    Calc.  for  CrHisBr:   Br,  18.88.    Found:    18.54. 

The  chloride  and  the  bromide  form  additive  compounds  with  mercuric,  stannic, 
ferric,  aluminmn  and  zinc  chlorides.  The  additive  compounds  all  have  the  same  deep 
purple  color  and  all  are  unstable,  decomposing  within  a  short  time  with  the  formation 
of  phenyl-di-a-naphthofluorene;  consequently,  they  could  not  be  isolated  in  pure  form. 

Phenyl-di-a-naphthoflttorene. — Phenyl-di-a-naphthofluorene  was  prepared  by 
boiling  an  acetic  add  solution  of  di-a-naphthyl-phenyl  carbinol.  The  solution  assumes 
a  purple  color  which  soon  disappears,  and  the  reaction  i!^  completed  within  a  few 
minutes.  The  fluorene  crystallizes  from  the  acetic  add.  in  flne,  colorless  needles,  the 
3ridd  being  almost  quantitative;  m.  p.  273*.  It  is  fairly  soluble  in  benzene,  slightly 
soluble  in  ether,  and  very  slightly  soluble  in  acetic  add,  in  alcohol,  and  in  petroleum 
ether. 

Since  naphthyl  groups  manifest  a  greater  tendency  than  phenyl  groups  for  the 
formation  of  fluorene  linkings,  it  was  considered  probable  that  the  compound  obtained 
from  di-a-naphthyl-phenyl  carbinol  was  phenyl-di-a-naphthofluorene  (I),  and  not  the 
isomeric  a-naphthyl-duysofluorene  (II). 

This  view  was  shown  to  be  correct  by  preparing  phenyl-di-a-naphthofluorene  frofn 
phenyl-di-a-naphthofluorenol  as  follows. 
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Plieoyl-4U-cr-iuilfththoflu<^enol,  III. — Di-oe-naphthofluorene/  prepared  i  from  di- 
o-naphthyl  carbtnol,  was  oxidized  to  di-a-naphthofluorenone,*  which  upon  treatment 
with  phenyl-niagnestum  bromide  gave  phenyl-di-cx-naphthofluorenol  in  good  irield. 
One  g.  of  magnesium  and  5  g.  of  bromobenzene  in  ether  are  allowed  to  react  and  the 
resulting  section  of  phen^i-magnesium  bromide  is  added  to  2.5  g.  of  di-a-naphtho- 
flnorenone  sii^>ended  in  250  cc.  of  dry  benzene.  After  heating  this  mixture  on  the  water- 
bath  for  2  hours,  the  product  is  decomposed  with  water  and  dilute  add,  and  the  benzene- 
ether  layer  is  dried  and  concentrated.  The  carbinol  is  obtained  in  colorless  needles, 
m.  p.  286**.  Yield,  about  2  g.  The  carbinol  is  somewhat  soluble  in  ether  and  benzene, 
sfightly  sc^tible  in  acetic  add  and  alcohol,  and  very  slightly  soluble  in  petroleum  ether. 
With  cone,  sulfuric  add,  it  gives  a  bluish-green  color. 

AmOysis.    Calc  for  CstH«0:  C,  90.47;  H,  5.06.     Found:  C,  90.10;  H,  5.10. 

The  fluorenol  is  readily  reduced  by  zinc  dust  and  hydrochloric  add  in  acetic  add 
sohitian.  0.5  g.  of  the  fluorenc^  is  dissolved  in  100  cc.  of  acetic  add,  1  g.  of  zinc  dust 
idded,  and  cone  hydrochloric  add  slowly  dropped  into  the  boiling  solution  until  a 
test  portion  no  longer  shows  a  bluish-green  coloration  with  cone,  sulfuric  add.  A  half 
hour's  heating  is  usually  sufficient.  The  solution  is  then  filtered  hot  from  the  excess 
zinc  dust  and,  as  it  cools,  the  i^enyl-di-cr-naphthofluorene  cnrstallizes  in  colorless 
needles.  An  additional  small  amount  may  be  obtained  by  diluting  the  mother  liquid 
with  water  and  extracting  it  with  benzene.  The  iridd  is  almost  quantitative.  The 
compound  is  identical  with  that  obtained  from  di-a-naphthyl-phenyl  carbinol  and  has 
the  same  melting  point,  273*.  Moreover,  an  intimate  mixture  of  the  two  compounds 
showed  no  diange  in  mdting  point. 

Analyses.  Cak.  for  CitHw:  C,  94.70;  H,  5.30.  Found:  C,  94.60,  94.33;  H,  5.23, 
&22. 

IH-cMii^htiiyl-pheo^-metfaane. — ^Elbs*  obtained  di-a-naphthyl-phenyl-methane 
bf  distilling  either  di-cx-naphthyl-phenyl  carbinol  or  a-naphthyl-phenyl-jS-pinacoline 
with  zinc  dust,  and  describes  it  as  a  grasrish-yellow  powder  when  crystallized  from  ether- 
tkohd,  with  an  indefinite  mdting  point,  about  180°.  We  prepared  this  hydrocarbon 
by  reducing  the  carbinol  with  zinc  dust  and  acetic  add  at  a  temperature  of  75-80*'. 
Two  and  a  half  g.  of  the  carbinol  is  dissolved  in  100  cc.  of  acetic  add  and  10  g.  of  zinc 
dnit  is  added.  The  mixture  is  stirred  vigorously  and  heated  at  75°  until  a  test  portion 
is  no  longer  colored  by  cone,  sulfuric  add.  Prom  1  to  2  hours'  heating  is  required. 
(If  dnring  the  reduction  the  temperature  rises  much  above  75  ^  phenyl-di-a-naphtho- 
flaorene  is  formed.)  The  solution  is  then  heated  to  boiling,  filtered,  and  the  residue 
wufaed  with  hot  acetic  add.    The  hydrocarbon  is  predpitated  with  water,  filtered, 

*  Sdmiidltn  and  Massmi,  Ber,,  42,  2387  (1909);  also  Chichibabin  and  Magidson, 
J-  ^nk,  Oaw.,  90, 168  (1914). 

•Sdmiidlin  and  Huber,  Ber,,  43,  2833  (1910). 
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dried,  and  recrystallized  from  acetic  add  or  ether.  Very  fine,  colorless  needles  are 
obtained.  Yield,  about  90%;  m.  p.  204  "*.  It  is  soluble  in  benzene,  fairly  soluble 
in  ether,  and  very  slightly  soluble  in  acetic  add,  in  alcohol,  and  in  petroleum  ether. 

Analyses,  Calc.  for  CsrHio:  C,  94.14;  H,  ^.86.  Pound:  C,  93.80.  93.66;  H.,  5.83, 
6.86. 

Di-cr^naphthyl-phenyl-aminometfaane. — Di-a-naphthyl-phenyl-aminomethane  was 
prepared  by  passing  dry  ammonia  into  a  solution  of  di-a-nai^th^-phenyl-chlon>- 
methane  or  -bromomethane,  the  latter  reacting  more  readily.  Five  g.  of  di-a-naphthyl- 
phenyl  carbinol,  dissolved  in  benzene,  is  treated  with  5  g.  of  acetyl  bromide,  and,  after 
standing  for  10  to  15  minutes,  the  solution  is  thoroughly  saturated  with  dry  ammonia. 
The  predpitated  ammonium  salts  are  filtered  ofiF  and  the  solution  is  evaporated.  Upon 
addition  of  ether,  the  amine  is  obtained  in  very  fine,  colorless  aystals.  "^Held,  about 
80%.  It  is  soluble  in  benzene  and  in  chloroform,  and  but  very  slightly  soluble  in  ether, 
in  alcohol,  and  in  petroleum  ether.  The  crsrstals  turn  brown  at  about  200^  and  melt 
with  decomposition  at  205-210  ^  depending  on  the  rate  of  heating.  Upon  treatment  of 
the  amine  with  nitrous  add,  the  carbinol  is  obtained. 

Di-a-naphthyl-phenyl-methyl. 

Preparation. — Di-a-naphthyl-phenyl-methyl  was  prepared  by  shaking 
a  solution  of  di-a-naphthyl-phenyl-chloromethane  with  molecular  silver 
in  the  absence  of  air.  The  solution  of  the  free  radical  has  a  deep  reddish- 
brown  color  similar  to  that  of  a-naphthyl-diphenyl-methyl  solutions,  but 
more  intense.  However,  the  di-a-naphthyl-phenyl-methyl  in  solution 
is  tmstable  and  the  color  gradually  fades,  even  when  carefully  protected 
from  light,  until,  after  a  few  weeks,  it  has  practically  disappeared,  although 
the  solution  never  becomes  entirely  colorless.  All  attempts  to  isolate  the 
free  radical  in  pure  form  were  unsuccessful,  although  a  number  of  solvents 
were  tried,  e.  g.,  benzene,  ether,  carbon  disulfide,  and  acetone. 

Auto-reduction  of  the  Free  Radical. — Solutions  of  the  free  radical 
which  were  allowed  to  stand  imtil  decolorized  were  always  found  to  contain 
considerable  amounts  of  di-a-naphthyl-phenyl-methane,  which  would 
suggest  a  reaction  similar  to  the  auto-reduction  of  triphenyl-methyl  under 
the  influence  of  light  to  give  triphenyl-methane  and  di-biphenylene- 
diphenylethane.^  Three  g.  of  di-a-naphthyl-phenyl-chloromethane  and 
3  g.  of  molecular  silver  were  placed  in  a  lOOcc.  bottle  and  enough  dry 
benzene  was  added  almost  to  fill  the  bottle,  which  was  then  tightly  corked. 
After  shaking  this  mixtiure  for  12  hours,  the  bottle  was  allowed  to  stand  for 
one  month  protected  from  the  light,  by  which  time  almost  all  of  the  color  of 
the  free  radical  had  disappeared.  The  silver  chloride  and  excess  silver  were 
then  filtered  off,  the  benzene  evaporated  and  the  residue  taken  up  in  ether. 
Concentration  of  this  solution  gave  1.2  g.  of  di-a-naphthyl-phenyl- 
methane,  and  a  dark  red  oil  which  could  not  be  crystallized. 

The  same  experiment  was  carried  out  with  ether  as  the  solvent  in  place 
of  benzene.  In  this  case,  phenyl-di-a-naphthofluorene  was  isolated 
'  Schmidlia  and  Garda-Banus,  Ber.,  45,  1344  (1912). 
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from  the  solution,  in  addition  to  di-a-naphthyl-phenyl-methane,  and  the 
same  oily  residue  was  obtained.  (The  fluorene  is  less  soluble  in  ether  than 
di-a-naphthyl-phenyl-methane  and  is  the  first  to  crystallize.)  This 
would  seem  to  indicate  that  part  of  the  free  radical  in  solution  reacts  as 
follows. 


Action  of  Oxygen. — ^Although  a  solution  of  di-a-naphthyl-phenyl- 
methyl  absorbs  oxygen  and  is  decolorized,  attempts  to  isolate  the  corre- 
sponding peroxide  were  unsuccessful.  The  absorption  is  rapid  at  first  and 
the  solution  becomes  practically  colorless ;  then  a  further  gradual  absorption 
takes  place  for  several  hours  and  the  solution  assumes  a  dark  reddish  color. 
The  amount  of  oxygen  absorbed  is  approximately  150%  of  that  required 
for  the  formation  of  the  peroxide,  indicating  more  or  less  complex  decompo- 
sition. 

One  g.  of  di-a-naphthyl-phenyl-chloromethane  in  bromobenzene, 
and  2  g.  of  molecular  silver  were  sealed  in  a  test-tube  and  shaken  for  12 
hours.  Upon  breaking  the  tube  and  exposing  to  air  in  the  absorption  appa- 
ratus, which  has  been  described  in  a  previous  paper,'  47  cc.  of 
oxygen  (corrected  to  standard  conditions)  was  absorbed  in  the  course 
of  3  hours.  The  amount  required  theoretically  for  the  formation  of  the  per- 
oxide is  32.8  cc.  When  the  sample  is  allowed  to  stand  for  any  considerable 
length  of  time  after  its  preparation,  the  absorption  decreases  in  proportion 
to  the  time  which  has  elapsed  but  never  becomes  zero.  A  sample  of  the 
free  radical  in  benzene,  prepared  by  shaking  1.00  g.  of  the  chloride  with 
2  g.  of  molecular  silver  in  a  sealed  tube,  was  allowed  to  stand  for  a  month 
protected  from  lig^t,  b3r  which  time  the  color  of  the  free  radical  had 
practically  disappeared.  Nevertheless,  it  still  absorbed  15  cc.  of  oxygen 
in  the  course  of  3  hours.  It  appears,  therefore,  that  the  peroxide  and 
one  or  more  products  obtained  from  the  auto-reduction  of  the  free  radical 
are  unstable  and  decompose  on  exposure  to  air  with  the  absorption  of 
oxygen. 

Action  of  Hydrochloric  Acid. — ^When  a  solution  of  di-a-naphthyl- 
phenyl-methyl  is  treated  with  hydrochloric  acid  in  the  absence  of  air, 
decolorization  takes  place  within  a  few  hours  and  the  resultant  colorless 

•Rtf.  2,   p.   1661, 
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solution    contains    di-a-naphthyl-phenyl-methane    and    di-o-napthyl- 
phenyl-chloromethane. 


+  Ha 


Consequently,  when  di-a-naphthyl-phenyl-chloromethane  is  shaken  with 
excess  of  molecular  silver  in  benzene  which  is  saturated  with  gaseous 
hydrochloric  acid,  the  di^a-naphthyl-phenyl-methyl  which  is  formed 
immediately  reacts  with  the  hydrochloric  acid  to  give  the  methane  and  the 
chloride  as  above;  the  latter  then  reacts  with  the  excess  of  molecular  silver 
to  form  more  of  the  free  radical  and  so  on  to  completion.  Two  and  a  half 
g.  of  chloride  and  5  g.  of  molecular  silver  were  shaken  in  benzene  saturated 
with  hydrochloric  acid.  About  10-12  hours  was  required  for  the  complete 
disappearance  of  the  color  of  the  free  radical.  Two  and  a  tenth  g.  of  di- 
a-naphthyl-phenyl-methane  (92.5%  yield)  was  obtained  upon  concen- 
trating the  benzene  solution  and  adding  petroleum  ether.  No  other  com- 
pounds could  be  isolated  from  the  solution. 

Summary. 

1 .  Di-a-naphthyl-phenyl  carbinol  and  the  corr^ponding  chloride,  bro- 
mide, amine,  methane,  fluorene,  and  fluorenol  have  been  synthesized  and 
described. 

2.  Di-a-naphthyl-phenyl-methyl  has  been  prepared  in  solution  and  found 
to  be  unstable.  The  auto-reduction,  and  the  action  of  oxygen  and  of 
hydrochloric  acid  upon  the  free  radical  are'discussed. 

Ann  Arbor,  MicmoAN. 
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[Contribution  from  the  Chemical  Laboratories  of  Columbia  UNivBRSiry.  No.  382.  ] 

THE  ISO-ELECTMC  POINT  OF  COLLAGEN.^ 

By  Arthur  W.  Thomas  and  Margaret  W.  Kbllt. 

Received  September  17, 1921. 

In  1910,  Michaelis  and  Most3aiski'  published  their  theory  of  the  iso- 
electric point  of  a  protein,  defining  it  as  that  reaction  where  the  relation 
of  the  concentration  of  the  hydrogen  ions  to  hydroxyl  ions  in  the  solution 
is  the  same  as  the  relation  of  the  acid  dissociation  constant  (^a)  of  the 
protein  to  its  basic  dissociation  constant  (k^).  At  the  iso-electric  point 
the  number  of  protein  anions  is  equal  to  the  number  of  protein  cations 
present  and  the  sum  of  the  protein  ions  in  relation  to  non-ionized  protein 

is  at  its  tniniTniim. 

Previous  to  1910,  Michaelis  tried  to  determine  the  sign  of  the  electrical 
charge  of  proteins  in  solution  by  U-tube  electrophoresis,  and  noted  that 
the  migration  of  a  particular  protein  was  cathodic  or  anodic  depending 
entirely  upon  the  reaction  of  the  solution.  These  experiments  led  to  the 
derivation  of  the  theory  of  the  iso-electric  point,  and  several  papers  since, 
by  Michaelis  and  co-workers,  give  values  for  the  iso-electric  points  of 
several  proteins. 

Prior  to  Michaelis*  researches,  proteins  were  considered  merely  as 
coUoids,  and  explanation  of  their  behavior  in  aqueous  solutions,  in  the 
presence  of  electrolytes,  was  influenced  by  the  supposed  fundamental 
eflfect  of  the  Hofmeister  ion  series,  selective  adsorption,  etc.  The  tenacity 
with  which  this  point  of  view  has  held  even  up  to  date  ignoring  the  am- 
photeric properties  of  proteins  has  been  an  obstacle  in  the  progress  of  the 
physical  chemistry  of  the  proteins. 

The  recent  brilliant  work  by  Jacques  Loeb*  has  most  strikingly  shown 
the  great  importance  of  a  knowledge  of  the  iso-electric  points  of  proteins. 
Loeb  clearly  demonstrated  in  the  case  of  gelatin,  albumin,  and  casein 
that  at  the  iso-electric  points  these  proteins  are  in  the  most  inert  condi- 
tion, while  on  the  add  side  they  exist  and  react  as  cations,  and  on  the 
alkaline  side  they  are  anions. 

The  making  of  leather  consists  fundamentally  in  converting  the  sclero- 
proteins,  or  albuminoids  of  hide  substance  into  an  insoluble  and  impu- 
trescible  substance.  This  consists  generally  in  combining  the  protein 
with  the  complex  weakly  acidic  substances  known  as  tannins,  or  in  con- 
verting it  to  a  chromium  compound.  Obviously,  a  better  understanding 
of  these  reactions  requires  a  knowledge  of  the  iso-electric  point  of  hide 
protein,  or  collagen. 

>  Preseated  before  the  Leather  Chemistry  Section  at  the  62nd  Meeting  of  the  Ameri- 
can Chemical  Society,  New  York  City,  Sept.  &-10,  1921. 
*  Michaelis  and  Mostynski,  Biochem.  Z.,  24,  79  (1910). 
•Series  d  papers  xa  /.  Gen.  Physiol.,  1918-21. 
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This  investigation  was  undertaken  with  the  purpose  of  ^(establishing  the 
iso-electric  point  of  iiide  substance,  i.  e.,  that  hydrogen-ion  concentration 
of  the  solution  in  which  hide  substance  protein  is  in  its  minimum  ionized 
state,  on  the  alkaline  side  of  which  it  exists  as  an  anion,  and  on  the  acid 
side  as  a  cation. 

Since  it  has  been  most  clearly  proved  by  Loeb  that  a  protein  is  at  its 
minimtitn  degree  of  swelling  at  the  iso-electric  point,  we  decided  to  try 
to  locate  the  point  by  swelling  measurements. 

Swelling  Method. 

In  all  swelling  experiments,  1920  American  Standard  Hide  Powder* 
was  used  as  soturce  of  hide  substance.  Since  hide  substance  is  insoluble 
in  water,  the  simple  swelling  technique  as  used  by  Loeb  was  not  appli- 
cable to  this  substance.  Some  method  had  to  be  devised  whereby  the 
interstices  between  the  particles  could  be  reduced  to  a  minimum.  This 
was  accomplished  by  sifting  the  hide  powder  through  a  20-mesh  sieve, 
and  centrifuging  the  fine  siftings  in  contact  with  solutions  of  various 
hydrogen-ion  concentrations  as  described  below. 

Portions  of  0.3  g.  each  of  fine  siftings  were  placed  in  each  of  a  series  of 
eight  lOOcc.  "oil  tubes"  (graduated  tubes  drawn  out  to  a  conical  end), 
in  which  there  had  been  previously  placed  50  cc.  of  solution,  and  care- 
fully shaken.  When  the  hide  powder  had  become  thoroughly  wetted, 
another  50  cc.  of  solution  was  added  and  the  tubes  were  allowed  to  stand 


Approx 

.  molar  cone,  of 
solution 

EXPBRIMBNT  8 

-        ^                 Volume  of  hide  powder  after  standing 
^^'  ^H4-                    in  contact  with   solution   for 
the  stated  time 
Hours  24          48         72         96          384 
Cc.           Cc.           Cc.           Cc.            Cc. 

1 

0.0002         HCl 

2.7 

2.8 

2.7 

2.6 

2.7 

2 

0.0001       HCl 

-  3.76 

2.3 

2.5 

2.4 

2.3 

2.4 

3 

4 
5 

Dist.  H,0 
Dist.  H,0 
0.0001       NaOH 

-  5.68 

-  5.58 

-  9.18 

2.1 
2.1 
2.1 

2.3 
2.1 
2.4 

2.2 
2.3 
2.6 

2.1 
2.1 
2.8 

2.3 
2.3 
3.0 

6 

0.0001       NaOH 

-  9.18 

2.1 

2.3 

2.6 

2.7 

2.8 

7 

0.00025     NaOH 

-10.00 

2.4 

3.0 

3.2 

3.4 

3.6 

8 

0.0006       NaOH 

3.0 

3.4 

3.6 

3.5 

3.7 

Hydrogbn-ion  concentration  of  washings 

Solution 

Washings  after  the  sUted  time 

Hours  24 

72 

96 

3 

5.26 

-5.68 

- 

-5.88 

4 

5.43 

-5.88 

- 

-5.88 

5 

5.88 

-6.46 

- 

-6.64 

6 

5.88 

-6.45 

- 

-6.64 

*  Manufacttired  by  the  Standard  Mfg.  Co.,  Ridgway/  Pa. 
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for  24  hours.  They  were  then  centrifuged  altogether  for  5  minutes  at 
about  2000  r.  p.  m.,  and  the  volumes  occupied  by  the  various  hide-powder 
specimens  recorded.  The  supernatant  liquid  was  potu-ed  off,  and  an  addi- 
tional 100  cc  of  solution  added,  the  contents  thoroughly  mixed,  allowed 
to  stand  for  an  additional  24  hotu^,  and  the  centrifuging,  etc.,  repeated. 
An  example  of  such  an  experiment  precedes. 

It  will  be  seen  that  upon  24  hours  contact  with  the  solutions,  the  mini- 
mum swelling  is  indicated  in  distilled  water  and  in  0.0001  M  sodium 
hydroxide,  but  upon  repeated  treatment,  the  0.0001  M  sodium  hydroxide 
solutions  show  a  slightly  greater  swelling  than  distilled  water,  thus  ac- 
cording to  this  technique,  setting  the  distilled  water  as  the  solution  nearest 
the  hydrogen-ion  concentration  of  the  iso-electric  condition  of  the  hide 
substance,  namely  log  Ch+  =  — 5.58.  It  is  noted  that  after  24  hours 
contact  with  hide  substance,  the  logarithm  of  the  hydrogeurion  concen- 
tration of  the  distilled  water  washings  became  lower,  from  —5.58  to  —5.88, 
whidi  may  be  explained  as  due  to  removal  of  carbonic  acid  by  the  hide 
protein.  The  384-hour  tubes  were  discarded  on  account  of  putrefaction 
having  taken  place  to  a  small  extent. 

In  a  subsequent  experiment  a  few  drops  of  toluol  were  added  to  each 
tube.  Instead  of  letting  the  tubes  containing  the  hide  powder  stand  for 
24  hours  in  contact  with  the  solutions,  they  were  rotated  in  a  tumbling 
machine  for  1  hour  to  insure  thorough  mixing,  and  then  centrifuged  for 
5  minutes,  the  volumes  read,  washings  decanted,  and  the  operation  re- 
peated several  times,  but  it  is  evident  that  differences  between  the  tubes 
of  mitittniitTi  swelling  and  tubes  containing  solutions  beyond  the  minimum 
swelling  point  were  not  of  any  significant  magnitude.  There  was  a  large 
error  involved  in  reading  the  volumes  of  the  hide  powders  because  of 
uneven  settling,  and  although  the  technique  indicated  that  the  hide 
powder  in  contact  with  distilled  water  was  nearest  the  iso-electric  point, 
this  point  was  by  no  means  definitely  established.  The  addition  of  toluol 
made  the  readings  more  doubtful  because  some  of  the  powder  was  adsorbed 
by  the  toluol  layer  and  thus  removed  from  the  bulk  of  the  deposit  in  the 
conical  bottom  of  the  tube,  and  in  addition  a  small  part  of  the  powder 
stuck  to  the  side  of  the  tube. 

The  swelling  method  for  this  particular  protein  is,  therefore,  applicable 
only  for  the  purpose  of  locating  the  approximate  iso-electric  region  when 
sobtions  of  widely  differing  hydrogen-ion  concentrations  are  employed 
and  consequently  large  swelling  differences  are  obtained.  The  method, 
even  for  approximate  results,  must  involve  continued  washing  or  treat- 
ment with  the  solution^  until  the  hydrogen-ion  concentration  of  the  wash- 
ings is  identical  with  that  of  the  original  solutions,  thereby  insuring  that 
equilibrium  has  been  reached  and  all  impurities  removed  in  each  case. 
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The  method  is  slow  and  laborious,  and  since  the  addition  of  toluol  is  detri- 
mental, it  is  not  easy  to  reach  equilibrium  before  decomposition  sets  in. 
For  these  reasons  it  was  decided  to  employ  the  dye  technique.  As 
Loeb  has  shown  that  protein  can  combine  with  cations  only  on  the  alka- 
line side  of  the  iso-electric  point,  and  with  anions  only  on  the  add  side, 
collagen  should  combine  with  the  colored  cation  of  a  basic  dye  when  on 
the  alkaline  side  and  with  the  colored  anion  of  an  add  dye  on  the  add 
side  of  its  iso-dectric  point. 

Dye  Method. 

In  these  experiments,  4  different  batches  of  hide  powder  were  employed, 
—1921,  1920  and  1919  (kindly  furnished  by  Dr.  h.  E.  Levi),  and  1918 
(kindly  furnished  by  Mr.  G.  W.  Schultz). 

The  add  dye  used  throughout  was  Martius  yellow,  and  fuchsin  served 
as  basic  dye,  except  in  one  case  where  neutral  red  was  employed. 

First  Technique. — Six  Ig.  portions  of  hide-powder  sif tings  were  placed  in  250cc. 
beakers,  and  100  cc.  of  solutions  of  various  concentrations  of  hydrogen  ion  were  added. 
The  mixtures  were  frequently  stirred,  and  at  the  end  of  18  hours  were  filtered  through 
small  pads  of  cotton  on  Gooch  funnels  and  washed  several  times  with  a  new  portion  of 
the  original  solutions.  Finally  they  were  treated  with  distilled  water  2  or  3  times. 
A  20cc.  portion  of  a  0.001%  solution  of  the  basic  dye,  or  a  0.002%  solution  of  the 
acid  dye  was  poured  on  the  residue  on  each  funnel  and  allowed  to  drain  through.  The 
solutions  of  fuchsin  were  completely  decolorized  where  the  hide  powder  was  deddedly 
on  the  alkaline  side  of  its  iso-electric  point,  and  the  Martius  yellow  solutions  decolorized 
by  the  hide  powder  which  was  definitely  acid.  In  such  instances  more  dye  was  poured 
through.  In  our  early  experiments  the  residues  were  then  washed  with  distilled  water 
until  all  imcombined  dye  had  been  removed,  but  later  were  washed  with  solutions  of 
the  same  hydrogen-ion  concentration  as  those  in  which  the  hide  powders  had  been  soaked 
in  order  to  preclude  any  chances  of  hydrolysis  of  the  protein-dye  compound. 

The  residues  were  then  examined  for  color  and  those  two  samples  of  hide  powder 
(both  soaked  in  solutions  of  the  same  hydrogen-ion  concentration)  which  showed 
minimum  fixation  of  color  were  judged  to  be  in  the  iso-electric  condition. 

Possibly  an  explanation  is  required  at  this  point  because  of  the  popular 
assumption  that  at  the  iso-electric  point  a  protein  is  absolutely  inert  and 
in  an  un-ionized  state.  Relatively  speaking  this  is  correct,  but  in  an  ab- 
solute sense  it  is  not.  Actually  a  protein  is  at  its  minimum  degree  of 
ionization  at  the  iso-electric  point  and  is  capable  of  combining  with  either 
a  cation  or  an  anion  to  a  slight  degree.  This  point  has  been  discussed 
by  Sorensen.* 

This  technique  indicated  that  the  iso-electric  point  is  in  the  region  of 
log  Cw*-  —5.26  to  —6.45;  but  it  was  found  faulty  as  pointed  out  in  the 
swelling  experiments,  since  the  hide  powder  was  treated  only  once  with 
the  contact  solutions. 

Second  Technique. — ^The  portions  of  hide  powder  and  solutions  were  placed  in 
400cc.  botties  fitted  with  rubber  stoppers  and  rotated  for  one  hour  in  a  tumbling  machine. 

*Sdrensen,  Comfft.  rend.  trav.  lab.  Carlsberg,  12,  (1915-17). 
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lo  the  first  experiments  (a)  with  this  technique  no  test  for  equilibrium  was  applied 
but  later  (b)  the  supernatant  solutions  were  tested  for  .hydrogen-ion  concentration, 
new  portions  of  solutions  placed  on  the  protein  in  the  bottles  and  tumbled  for  another 
hour,  etc.,  until  the  decanted  solutions  showed  the  same  hydrogen-ion  concentration 
as  the  originals.  Twenty  cc.  portions  of  dye  solutions  were  added  and  the  consents 
tumbled  for  10  minutes  when  the  contents  were  poured  through  glass-wool  pads  in 
Goodi  funnels.  They  were  then  washed  with  solutions  of  the  same  hydrogen-ion  ' 
concentration  as  those  in  which  they  had  been  soaked. 

Third,  Technique. — ^The  whole  operation  was  carried  out  in  "oil  tubes"  instead 
of  using  bottles.  The  advantages  of  this  operation  were  that  at  the  end  of  each  washing, 
the  powder  was  packed  down  by  centrifuging  before  the  liquid  was  poured  off,  and  in- 
stead of  a  diffuse  layer  of  treated  hide  powder  in  Gboch  funnels,  the  color  or  lack  of 
color  was  more  easily  distinguishable  in  the  columns  of  powder  in  the  apices  of  the  tubes. 

The  results  of  these  experiments  are  summarized  below.  For  economy 
of  space  the  details  of  each  experiment  are  omitted,  and  only  Nos.  10, 
19  and  20  are  given  as  typical. 

ExPERniBNT  10 
Portions  of  0.5  g.  of  1920  hide-powder  sif tings  treated  in  bottles  successively  with 
200,  100,  100  and  100  cc.  of  solution  (2nd  technique  (a)) 


ox.  molar  cone. 

Color  after 

washing 

LogCH  + 

of  solation 

Puchsin 

Martius  yellow 

of  solution 

0.0001 

faint  pink' 

yellow 

-3.8 

0.000076 

faint  pink 

yellow 

-4.0 

0.00005 

HCl 

pale  pink 

pale  yellow 

-4.6 

0.000025 

pale  pink 

colorless 

-4.9 

Dist.  H,0 

deep  pink 

colorless 

-5.6 

0.000025 

NaOH 

deep  pink 

colorless 

-6.1 

*  These  hide  powders  always  retained  a  faint  trace  of  the  f uchsin  and  for  this  reason 
neutral  red  was  substituted  in  Expt.  No.  20. 

The  iso-electric  point  is  indicated  at  —4.6,  or  possibly  between  —4.6 

and  -4.9. 

ExpERniBNT  19 

Bach  bottle  ccmtaining  0 .5  g.  of  sif  tings  from  1918  hide  powder  treated  as  described  in 

Technique  2  (b) 

Approz.  molar  cone.  Color  after  washing  ^^^'  ^H  -f- 

of  solution  Puchsin  Martius  yellow  of  solution 


0.00006 
0.00004 
0.00003 
0.00002 
0.00001 


-4.1 

-4.2 

HCl        ]  faint  pink  yellow  -4.6 

-4.8 
pale  pink  colorless  —5.4 


I 


Dist.  HsO  pink  colorless  —5.8 

The  above  experiment  would  indicate  that  the  iso-electric  point  is 
-4.8  to  -5.4,  or  -5.1. 

EXPSRIMSNT  20 

Eadi  bottle  containing  0 .5  g.  of  sif  tings  from  1918  hide  powder,  treated  by  Tech- 
<uqti£  2(b).    Instead  of  adding  20  cc.  of  very  dilute  dye  solution,  8  drops  of  0.1% 
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neutral  red  were  added  to  one  set  of  samples  during  the  last  treatment  with  solution, 
and  16  drops  of  0.1%  Martins  yellow  to  a  corresponding  set  of  samples. 
Approx.  molar  coocn.  Color  after  waahing  1<^  ^H^ 


of  Bolution 

Neutral  red 

Martini  yellow 

of  aoiutioo 

0.0001 

-3.8 

0.00006 

-4.0 

0.00004 

-4.2 

0.00003 

HCl 

colorless 

yellow 

-4.6 

0.00002 

pale  yellow 

-4,8 

0.00001 

[        colorless 

-6.2 

Dist.  H,0 

pale  pink 

colorless 

-6.4 

0.0001  N 

aOH 

pale  pink 

-6.0 

The  iso-electric  point  is  indicated  at  —4.8  to  —5.4,  or  —5.1. 


Summary  of  Dyb  Tschniqub  Expbrimsnts 


Expt.  Material 

10  0.6g.  of  1920H.  P. 
siftings  in  400cc.  bottles 

11  1921  siftings  as  in  No. 
10 

12  1920  siftings  as  in  No.  10 

13  1921  siftings  as  in  No. 

10 

14  1920  siftings,  0. 16  g. 
in  16  cc.  oil  tubes 

16  0.3 g. of  1921  siftings 
in  lOOcc.  tubes 

16  0.3 g. of  1920 siftings 

17  0.3 g. of  1919 siftings 


18  0.6 g. of  1919 siftings, 

19  0.6g. of  1918 siftings 

20  0.6 g. of  1921  siftings 


Method 

2nd  tech.  (b) 
4  treatments 


2nd  tech.  (b) 
6  treatments 

3rd  technique 
16  treatments 
3rd  technique 
4  treatments 
3rd  technique 
9  treatments 
3rd  technique 
11  treatments 

2nd  tech.  (b) 


Iso-electric  Ch+ 
-4.6 


-4.6 

-4.6to-4.6 

-4.1? 


-4.2to-6.0 
-4.2to-6.0 

-4.2 to -4.8 


-4.6to-6.3 
-4.7 to -6.6 
-4.8to-6.4 
-4.8to-6.4 


Remarks 


Equilibrium  reached 
-  as  shown  by  Ch"*"  of 
washings. 


Inspection  of  these  results  reveals  a  failure  to  obtain  a  sharp  iso-electric 
point  for  hide  substance  after  many  experiments.  We  conclude,  there- 
fore, that  hide  substance,  generally  referred  to  as  collagen,  is  a  mixture 
of  proteins  rather  than  one  simple  protein  and  possibly  the  differences 
in  properties  noticed  in  the  tanning  of  skins  from  different  animals  may 
be  due  to  the  different  distribution  of  the  proteins  in  the  hide  substance. 

The  iso-electric  point  of  the  proteins  of  hide  substance  is  at  hydrogen- 
ion  concentration  10"*,  as  determined  by  means  of  American  Standard 
Hide  Powder. 

At  various  times  the  iso-electric  points  of  several  proteins  have  been  reported  in 
the  literature,  and  since  they  are  not  available  in  any  one  place,  we  append  them  hereto. 

We  take  pleasure  in  expressing  our  indebtedness  to  Messrs.  A.  P.  Gallun 
and  Sons  Company  of  Milwaukee,  Wisconsin,  for  their  generous  support 
of  this  investigation. 
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Reference 

Casein  (cow) 2.4-2.5  X  lO"*  6 

1.8X10-*  7 

2  X  10-*  8 

Gdattn *.....     2.6  X  lO"*  9 

2  X  10-«  10 

Serum  albumin 2  X  10"»  11 

Serum  globulin 3 .6  X  lO"*  7 

BgR  albumin  (hen) 1.5  X  lO"*  12 

Denatured  serum  albumin 0.4  X  10~*  11 

Oxyhemoglobin 1 .8  X  10"'  14 

Carbon  monoxide  hemoglobin. 1 .7  X  10~^  15 

Reduced  hemoglobin 1 .7  X  10"^  16 

Stroma  globulins  of  blood  corpuscles IX  10~*  13,  14 

Red  Wood  cells 2.6  X  lO"*  16 

Yeast  extract  protein  (globulin) 2.6  X  10-»  21 

Gliadin 6.0  X  10""  7 

Edestm 1.3X10-^  7 

Tuberin  (potato) approx.  lO"*  17 

Carrot  inx>tein approx.  10~*  17 

Tomato  protein approx.  10~*  17 

Trypsin 1.36-2.6  X  lO"*  18 

Pepsin 6.5  X  lO"'  19 

Nndesc  add approx.  2  X  10"*         20 

Nbw  York  CiTir. 


*  Michaelis  and  Pechstein,  Biochem.  Z.,  47,  260  (1914). 
'  Rooa   and    Michaelis,    ibid.,   28»    193    (1910). 

*  Loeb,  J.  Gen.  Physiol.,  2,  677  (1920). 

*  Michadis  and  Grineff.  Biochem.  Z.,  41»  373  (1912). 
'•loeb,   J.   Gen.  Physud.,   1,  39   (1918). 

"  Michaelis  and  Davidsohn,  Biochem.  Z.,  33,  466  (1911). 

>*Sarensen,   Ref.   6. 

» Michaelis  and  Davidsohn,  Biochem.  Z.,  41,  102  (1912). 

i«  Michaelis  and   Takahashi,   ibid.,   29,  439   (1910). 

■Michadis  and  Bien,  ibid..  67,  198  (1914). 

"Coulter,   J.   Gen.   Physiol.,   3,   309    (1921). 

"Cohn.  Gross  and  Jc^mson,  ibid.,  2,  145  (1919). 

» Michadis  and  Davidsohn,  Biochem.  Z.,  30,  481   (1911). 

» Michadis  and   Davidsohn,  ibid.,  28,   1    (1910). 

"Michadis  and  Davidsohn,  ibid.,  39,  496  (1912). 

^  Fodor,  KMnd.  Z..  27,  68  (1920). 
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THE  TRANSFER  OF  HYDROGEN  FROM  AN  ALCOHOL  TO  AN 

ALDEHYDE. 

By  C.  H.  Miu^igan  and  B.  BiofHT  IUid. 

Received  September  80, 1921. 

Historical. 

Since  it  has  become  known  that,  in  presence  of  certain  catalysts,  alco- 
hols and  hydro-aromatic  compounds  set  free  hydrogen,  and  that  certain 
other  compounds  are  hydrogenated  under  similar  conditions,  a  number 
of  efforts  have  been  made  to  combine  the  two  processes,  utilizing  the 
hydrogen  liberated  in  the  one  to  supply  the  hydrogen  required  by  the 
other.  If  this  can  be  accomplished,  many  difficulties  which  are  met  with 
in  the  manufacture  of  pure  hydrogen  are  avoided  and,  if  the  substance 
which  gives  lip  its  hydrogen  is  worth  more  for  the  loss,  as  is  the  case  when 
ethyl  alcohol  passes  into  the  more  valuable  acetaldehyde,  the  cost  of  the 
hydrogen  is  eliminated. 

The  ideal  case  is  one  in  which  the  dehydrogenation  of  the  one  substance 
and  the  hydrogenation  of  the  other  take  place  with  the  same  catalyst 
and  at  the  same  temperature. 

For  the  reaction  to  go,  the  energy  change  must  be  in  the  right  direction, 
as  a  catalyst  caimot  be  expected  to  push  anything  up  hill 

Both  of  these  conditions  are  fulfilled  in  the  case  studied  by  Zelinsia  and  Glinka^ 
who  treated  methyl  tetrahydro-terephthalate  with  palladium  and  obtained  the  tere- 
phthalate  and  the  hexahydro-terephthalate,  one  portion  of  the  tetrahjrdro-  giving  off 
hydrogen  which  was  taken  up  by  the  other.  In  this  case  the  energy  change  is  in  the 
right  direction  since  the  partially  hydrogenated  benzene  ring  is  less  stable  than  the 
fully  hydrogenated  or  the  unhydrogenated. 

Bdeseken'  has  studied  a  similar  case.  He  passed  dihydro-benzene,  and  also 
tetrahydro-benzene,  over  nickel  at  180°,  and  he  sealed  up  the  latter  hydrocarbon 
with  palladium  for  some  time.  In  all  cases  a  mixture  of  benzene  and  cydohezane 
was  obtained.  He  gives  as  the  heat  of  combustion  of  dihydro^benzene  847.5  Cal. 
and  that  of  a  mixture  of  Vi  benzene  and  */i  cydohexane  832.5  Cal.,  the  difference 
being  15.0  Cal.    The  reaction  went  as  was  expected. 

Meyer  and  Eckert'  mention  the  dehydrogenation  of  ethyl  alcohol  to  acetalde- 
hyde and  the  addition  of  the  hydrogen  to  benzoquinone  or  thymoquinone  with  the  for- 
mation of  the  corresponding  quinols,  under  the  influence  of  light. 

Armstrong  and  Hilditch^  transformed  a  mixture  of  cydohexanol  by  the  action  of 
nickd  into  cydohexanone  and  methyl  phenylpropionate. 

Pad6a  and  Poresti*  made  a  quantitative  study  of  the  transfer  of  hydrogen  from 
iso-propyl  alcohol  to  diethyl  ketone  and  to  benzene,  with  the  formation  of  diethyl 

>  Zelinski  and  Glinka,  Ber.,  44,  2305  (1911). 

*B5eseken,  Rec.  irao.  chim,,  37,  255  (1918). 

« Meyer  and  Bckert,  MaruUsK  39,  241  (1918). 

« Armstrong  and  Hilditch,  Proc.  Roy.  Soc.,  96A,  322  (1917). 

*  Pad6a  and  Forest!,  AUi.  accad.  Lincii,  23,  II,  84  (1914). 
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carbmot  and  cydohezane,  respectively.  They  found  equilibria  corresponding  to  those 
calculated  from  the  Nernst  heat  theorem. 

Sabatier  and  Murat*  passed  the  vapors  of  alcohols  with  benzaldehyde,  benzo- 
pheaonc,  benzyl  akohol  and  acetophenone  over  thoria  at  420°  and  got  complete  re- 
duction to  toluene,  ethylbenzene  and  diphenyl  methane. 

Kayser^  has  patented  the  hydrogenation  of  unsaturated  oils  by  heating  them  with 
bomeol  or  tf^borneol  in  the  presence  of  nickel. 

The  Present  Investigation. 

In  our  study  we  have  used  ethyl  alcohol  with  heptaldehyde,  benzalde- 
hyde,  phenyl-acetaldehyde  and  dtroneUal  over  ceria  at  300-380^  and 
have  obtained  the  corresponding  alcohols  along  with  acetaldefayde.  The 
transformation  is  never  complete.  There  is  considerable  condensation 
of  the  aldehydes  to  gummy  products  which  foul  the  catalyst  in  a  short 
time  and  stop  the  transformation.  The  catalyst  may  be  regenerated 
by  treatment  with  steam  followed  by  oxides  of  nitrogen  and  a  second 
treatment  with  steam.  A  small  proportion  of  manganese  in  the  ceria 
appears  to  increase  its  activity.  On  account  of  the  destruction  of  a  part 
of  the  aldehyde,  the  amount  of  alcohol  that  can  be  recovered  from  the 
product  is  much  less  than  the  amount  of  aldehyde  that  has  disappeared. 
A  small  amount  of  benzyl  benzoate  was  found  in  the  product  when  benzal- 
dehyde  was  used. 

With  copper  on  an  inert  support  we  have  obtained  results  similar  to 
those  of  Sabatier  and  Murat  with  thoria,  but  at  a  lower  temperature, 
330-360^;  that  is,  benzaldehyde  is  reduced  all  the  way  to  toluene. 

Ethyl  alcohol  was  chosen  rather  than  methyl  on  account  of  the  greater 
difference  between  its  heat  of  combustion  and  that  of  its  aldehyde  which 
gives  a  greater  driving  force  to  the  reaction. 

Experimental. 
Ceria  Catalyst — ^To  a  solution  of  30  g.  of  cerium  nitrate  in  80  cc.  of 
water,  10  g.  of  fluffy  asbestos  was  added,  care  being  taken  to  prevent 
packing.  The  beaker  containing  this  mixture  was  placed  in  an  evacuated 
desiccator  over  sulfuric  acid  till  the  water  had  evaporated,  leaving  a 
porous  mass  which  was  cut  into  pieces  and  packed  in  the  catalyst  tube 
where  it  was  heated  slowly  up  to  180®  in  a  current  of  air.  Alcohol  vapors 
were  passed  through  the  tube  till  the  nitrate  was  decomposed  and  then 
steam  to  remove  all  volatile  matter* 

A  catalyst  prepared  in  this  manner  showed  considerably  greater  activity 
in  esterification  than  one  prepared  in  the  usual  way  by  decomposing  the 
nitFate  by  heat  alone  at  270®  to  350®.  With  an  equimolar  mixture  of 
acetic  add  and  ethyl  alcohol  with  110  cc.  of  vapor  per  minute  at  250®, 

•SAbatier  and  Mmat,  Campi,  rend,,  157»  1490  (1913);  BuU,  soc.  Mm.,  [4]  15, 
227  (1914). 

'Kayser,  U.  S.  pat.  1,134,746;    C.  A,.  9,  1401  (1916). 
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64%  and  42%,  respectively,  of  esterification  were  obtained  with  the  two 
preparations  of  ceria. 

Apparatus  and  Methods. — ^We  have  used  12  g.  of  ceria  suspended 
on  9  g.  of  asbestos  in  a  Pyrex  glass  tube,  the  free  space  in  the  tube  being 
estimated  at  93  cc.  This  tube  was  heated  in  an  electric  tube  furnace 
automatically  regulated  to  =^1^. 

The  aldehyde  was  mixed  with  2  to  3  equivalents  of  ethyl  alcohol,  al- 
lowed to  drop  at  the  desired  rate  into  a  heated  space  and  the  vapors  were 
passed  into  the  catalyst  tube.  The  volume  of  vapors  passing  through 
the  tube  was  calculated  from  the  number  of  drops  per  minute,  from  the 
weight  of  a  known  number  of  drops  from  the  same  tip,  and  from  the 
temperature,  etc. 

The  condensate  from  the  furnace  was  distilled  till  the  boiling  point  was 
reached,  100^  to  120^,  and  the  aldehyde  determined  in  the  residue.  A 
blank  on  known  mixtures  gave  results  about  10%  low  when  treated  in  the 
same  way,  hence  10%  was  added  to  the  amount  of  aldehyde  found. 

The  aldehyde  in  the  product  was  estimated  by  a  modification  of  the 
method  of  Seyewetz  and  Bardin*  as  described  by  Kingscott  and  Knight.* 
About  0.5  g.  of  the  sample  was  treated  with  10  cc.  of  a  20%  solution 
of  sodium  sulfite  made  neutral  to  phenolphthalein,  and  the  alkali  set  free 
was  titrated  slowly  with  0.2  N  acetic  add.  Vigorous  shaking  was  necessary 
to  complete  the  reaction  in  reasonable  time,  about  25  minutes  being  re- 
quired for  a  titration.  The  addition  of  alcohol  hastens  the  reaction  but 
obscures  the  end-point.  This  method  gives  constant  results  with  simple 
aldehydes,  though  somewhat  low.  We  obtained  the  following  results  on 
known  samples :  with  pure  heptaldehyde,  98.8, 99.0  and  98. 1  % ;  with  benzal- 
dehyde,  97.5%;  with  dnnamic  aldehyde,  94.0  and  93.7%;  with  commercial 
citronellal,  90.5  and  90.5%;  with  dtral,  90.2,  91.0  and  90.5%.  Since 
dtral  combines  with  two  molecules  of  bisulfite  the  titrations  with  it  have 
to  be  divided  by  2. 

Results.— Phenylacetaldehyde  at  330*"  passed  at  the  rate  of  220 
cc.  of. vapor  per  minute  gave  20%  of  phenylethyl  alcohol.  Benzaldehyde 
gave  rather  less  than  20%. 

Cinnamic  aldehyde  and  citral  gave  none  of  the  corresponding  alcohols. 

The  largest  amount  of  study  was  put  on  heptaldehyde.  The  aldehyde 
was  prepared  by  destructive  distillation  of  castor  oil  and  carefully  purified 
by  fractionation  in  a  vacuum.  The  amount  of  aldehyde  disappearing 
when  heptaldehyde  with  3  moles  of  ethyl  alcohol  is  passed  over  ceria  at 
various  temperatures  is  given  in  tabular  form. 

'Seyewetz  and  Bardin,  Bull,  soc.  chim.,  [3]  33,  1000  (1905). 
*  Kingscott  and  Knight,   "Methods  of  Organic  Analy«s/'  Longmans,  Green, 
and  Co.,  1914,  p.  245. 
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Aldehyde  diaappearing  at 
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330*» 
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8fi0« 
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370*» 

96 

76 

100 

.96 

144 

76 

79 
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238 

70 

71 

77 

367 

61 

63 

78 

476 

46 

68 

72 

640 

. , 

, , 

73 

From  60  g.  of  the  product,  collected  from  several  nms,  15  g.  of  hexyl 
alcohol  was  isolated. 

With  citronellal,  the  temperatm-e  must  be  kept  close  to  315^  as  at 
higher  temperatures  the  formation  of  condensation  products  is  excessive 
and  at  lower  the  reaction  is  too  slow.  A  mixture  of  12  g.  of  citronellal 
and  10  g.  of  ethyl  alcohol  was  passed  over  the  ceria  at  315^  at  the  rate  of 
250  cc.  of  vapors  per  minute.  The  product  was  fractionated  and  the  portion 
ixnling  from  180^  to  230^  was  heated  with  8  g.  of  phthalic  anhydride  for 
3  hours  at  100^.  The  monophthalic  ester  was  dissolved  in  50  cc.  of  10% 
sodium  carbonate  solution  and  extracted  several  times  with  ether  to  re- 
move non-alcohols.  The  ester  was  saponified  by  sodium  hydroxide  and 
the  citronellal  distilled  with  steam,  yielding  6  g.  or  about  50%,  At  300  ** 
and  at  320^  much  smaller  yields  were  obtained. 

Sealed  Tube  Experiments. — A  mixture  of  30  g.  of  citronellal  and  15 
g.  of  absolute  ethyl  alcohol  was  heated  in  a  sealed  glass  tube  with  3  g.  of 
the  ceria-asbestos  catalyst  for  12  hotus  at  220^.  After  fractionation  the 
hig^-boiling  portion  was  put  through  the  phthalic  anhydride  treatment 
and  yielded  9  g.  of  alcohol,  apparently  citronellol.  This  was  repeated, 
heating  to  195®  for  14  hours,  and  12  g.  of  the  alcohol  obtained. 

Summary, 

By  passing  the  vapors  of  aldehydes  mixed  with  ethyl  alcohol  over 
ceria  at  300-380®  the  aldehyde  is  hydrogenated  to  the  corresponding 
alcohol  and  the  ethyl  alcohol  is  dehydrogenated  to  acetaldehyde.  Benzyl, 
phenyl,  ethyl  and  heptyl  alcohols  and  citronellol  have  been  thus  prepared. 
The  yields  are  low  and  the  life  of  the  catalyst  is  short  on  account  of  foul- 
ing, probably  due  to  condensations  of  the  aldehydes. 
Bai^timoks,  Marti^amd. 
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[Contribution  inEiou  thb  CmpncAi,  Laboratory  of  Johns  Hopkins  UNivSRsriY.  ] 

THE  ETHTLATION  OF  BENZENE  AND  NAPHTHALENE. 

By  C.  H.  Miujgan  and  B.  "Emubt  IUid. 

ReceiTed  October  6.  1921. 

It  has  long  been  known  that  benzene  may  be  ethylated  to  form  ethyl- 
benzene,  di-ethyl-,  triethyl-,  etc.,  even  up  to  hexa-ethyl-benzene  when 
it  is  treated  with  ethyl  chloride  in  the  presence  of  aluminum  chloride 
according  to  the  Priedel  and  Crafts  reaction. 

Balsohn^  substituted  a  mixture  of  ethylene  and  hydrogen  chloride  for 
ethyl  chloride,  assuming  that  the  two  would  unite  to  form  ethyl  chloride 
which  would  then  react.  As  hydrogen  chloride  is  regenerated  in  the  re- 
action, very  little  of  it  need  be  present.  In  fact  Balsohn  found  that  the 
preparation  could  be  carried  out  without  the  addition  of  any  hydrogen 
chloride ;  apparently  aluminum  chloride  in  the  presence  of  traces  of  water, 
etc.,  furnished  sufficient  hydrogen  chloride  to  keep  the  reaction  going. 

He  used  400  g.  of  benzene  with  50  g.  of  aluminum  chloride  and  passed 
ethylene  into  the  mixture  for  "several  days"  at  70®  to  90®,  thus  obtaining 
170  g.  of  ethyl-benzene,  135  g.  of  di-,  75  g.  of  tri-ethyl  benzene  and  20 
g.  of  higher-boiling  products.  From  these  figures  it  appears  that  about 
154  g.  of  ethylene  had  been  taken  up.  As  he  passed  in  280  g.  of  ethyl- 
ene, only  55%  of  it  was  absorbed. 

Under  the  conditions  described  by  Balsohn,  this  preparation  is  tedious 
as  to  time  and  wasteful  of  material,  and  as  a  matter  of  fact  does  not  seem 
to  have  come  into  general  use. 

The  Present  Investigation. 
It  seemed  to  us  likely  that  efficient  stirring  might  so  increase  the  con- 
tact of  the  ethylene  with  the  aluminum  chloride  and  benzene  that  this 
would  become  a  practical  method  of  ethylating  benzene  and  its  homologs. 
Experiment  has  verified  this  prediction. 

According  to  McDaniel,*  benzene  dissolves  3  volumes  of  ethylene  at 
22®,  2.5  volumes  at  50®  and  probably  not  over  2  volumes  at  80®.  The 
dissolved  ethylene  may  react  ever  so  rapidly,  but  the  formation  of  the 
product  will  be  slow  unless  the  solution  is  re-saturated  quickly. 

With  high-sp^ed  stirring  it  has  been  found  possible  to  cause  benzene 
containing  aluminum  chloride  to  react  with  8  volumes  of  ethylene  per 
minute,  the  ethylene  being  totally  absorbed  so  that  ethyl  benzene  and 
its  higher  ethylated  homologs  become  readily  available.    We  have  used 
a  rapidly  rotating  metal  stirrer  of  the  Witt*  type.    The  horizontal  cross 
piece  is  replaced  by  a  disc  37  mm.  in  diameter  by.  4  mm.  thick  with  eight 
1  Balsohn.   BuU.   soc.   chim.,    [2]   31,   539   (1879). 
•McDaniel,  /.  Phys.   Chem.,  15,  606  (1911). 
•Witt,  Ber.,  26,   1696   (1893). 
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2mm.  radial  holes  which  open  into  a  central  cavity.    The  lower  vertic 
portion  was  replaced  by  a  bell-shaped  extension  about  15  mm.  in  diameter 
and  extending  downward  about  5  mm.    The  ethylene  was  delivered  by 
a  tube  which  terminated  just  below  this  bell  so  that  the  bubbles  were 
drawn  through  the  stirrer  and  broken  up  by  its  rapid  rotation. 

The  stirrer  was  run  at  ten  to  twelve  thousand  r.  p.  m.  For  large  scale 
operations  a  stirrer  of  the  type  proposed  by  Thoens*  or  by  Ittner*  would 
doubtless  be  more  efficient. 

The  reaction  is  best  carried  on  at  70-^®.  With  efficient  stirring  the 
absorption  of  the  ethylene  is  extremely  rapid  after  an  incubation  period 
till  about  4  moles  of  ethylene  are  absorbed  for  1  of  benzene,  and  decreases 
thereafter. 

The  ethylene  is  purified  and  dried  by  passing  it  through  towers  or 
wash-bottles  filled  with  suitable  materials.  It  is  passed  in  at  such  a  rate 
that  it  is  almost  totally  absorbed.  If  too  much  gas  is  defivered,  hydrogen 
chloride  is  carried  out  and  the  reaction  slows,  in  which  case  the  original 
speed  may  be  restored  by  passing  in  some  hydrogen  chloride. 

It  is  not  possible  to  conduct  the  reaction  so  as  to  form  a  single  product 
since  some  di-ethyl-benzene  is  formed  even  before  all  of  the  benzene  is 
attacked,  but  when  1  mole  of  ethylene  is  used  to  1  of  benzene,  as  in  Expt. 
3  below,  more  than  half  of  the  product  is  mono-ethyl-benzene.  In  Expt. 
4,  7.4  moles  of  ethylene  were  absorbed  by  2.5  of  benzene  and  272  g.,  or 
1.67  moles  of  tri-ethyl-benzene  obtained,  accounting  for  5  out  of  7.4 
moles  of  ethylene  added. 

After  the  reaction  is  run  for  a  time,  if  the  mixture  is  cooled  it  separates 
sharply  into  layers,  the  upper,  practically  dear  and  very  liquid,  the  lower, 
dark  and  viscous.  It  is  best  to  work  up  the  two  layers  separately.  The 
upper  layer  contains  only  a  trace  of  aluminum  chloride  and  consists  of 
unchanged  benzene  with  the  lower  ethylation  products  and  relatively 
small  amounts  of  the  higher.  The  liquid  is  shaken  with  acidulated  water, 
dried  and  fractioned.  The  lower  layer,  which  is  much  the  smaller,  con- 
tains practically  all  of  the  aluminum  chloride  associated  with  higher 
ethylated  benzenes,  particularly  penta-ethyl-benzene.  It  may  be  worked 
up  by  pouring  upon  ice  and  hydrochloric  add;  it  is  then  washed,  dried  and 
fractionated  under  reduced  pressure  in  the  case  of  the  high-boiling  portion. 

The  hexa-ethyl-benzene  fraction  solidifies  and  is  centrifuged  and  washed 
with  a  little  alcohol.  It  is  readily  obtained  as  a  snow-white  soUd.  The 
highest  fractions  contain  a  fluorescent  oil  which  carmot  be  any  ethyl- 
benzene.  It  is  possible  that  a  small  portion  of  the  ethylene  condenses 
with  itself  in  the  presence  of  the  aluminum  chloride  before  reacting  with 
the  benzene. 


«Thoeiis,  U.  S.  pat  641,561,  1900. 

» Ittner,  U.  S.  pat.  1,242.446;    C.  A,,  12, 110  (1918). 


Digitized  by  LjOOQ IC 


208  C.  H.  MtLUGAK  AND  0.  ^Mimt  REID. 

The  lower  viscous  layer,  if  kept  away  from  moisture,  may  be  used  for 
another  run  with  the  addition  of  a  small  amount  of  fresh  aluminum  chloride. 
In  this  way  we.  have  used  the  same  aluminum  chloride  in  6  successive 
runs.  This  viscous  layer  appears  to  be  analogous  to  the  so-called  "fer- 
ment" used  in  the  manufacture  of  toluene  from  solvent  naphtha. 

Results. 
In  Table  I  are  given  the  results  of  5  runs  and  in  Table  II  the  fractionation 
of  the  upper  layer. 

Tabi^  I 


«pt. 

Benzene 
Wt.        Moles 
G. 

Aluminum                           Rth^ene  absorbed 
chloride    Cc.  permin.          Wt.       Moles 
G.                                        G. 

Ratio 

1 

200 

2.5 

50         400-600 

62        2.2 

1:0.88 

2 

200 

2.5 

50        1500-2000 

59        2.1 

1:0.84 

3 

200 

2.5 

50        1500-2200 

70        2.5 

1:1 

4 

200 

2.5 

50        2500 

205     •  7.4 

1:2.96 

5 

700 

9.0 

100       2000-2500 
Tabia  II 

250        8.9 

1:0.99 

Fractionatioa  of  the  Products 

Expt 

Benzene 
80-100«» 
G. 

Bthyl-             Di-ethyl- 

10a-160«           160-190«» 

G.                      G. 

Tri-ethyl- 
190-230* 
G. 

Residue 
G. 

1 

52 

124                     54 

7 

5 

2 

56 

112                 56 

8 

14 

3 

-    42 

145                 67 

15 

4 

0 

5                 72 

272 

38 

5 

236 

478               167 

40 

21 

It  has  been  shown  by  Radziewanowski*  and  by  Boedtker  and  Halse^ 
that  ethyl  groups,  as  other  alkyls,  may  be  removed  or  shifted  from  one 
molecule  to  another  in  presence  of  aluminum  chloride.  In  one  experiment 
250  g.  of  benzene  and  175  g.  of  the  fraction  230-280'',  which  contained 
the  tetra-,  penta-,  and  hexa-ethyl-benzenes  were  stirred  and  heated  for 
3  hoturs  wiUi  the  ''ferment"  remaining  from  a  previous  run  in  which  25 
g.  of  aluminum  chloride  had  been  used.  At  first  sight  one  would  not 
think  that  stirring  would  aid  in  this  reaction,  but  the  "ferment"  is  very 
heavy  and  settles  quickly  unless  the  stirring  is  kept  up.  In  a  comparative 
run  which  was  not  stirred,  there  was  little  transformation. 

On  fractionation  of  the  upper  layer,  102  g.  of  benzene,  194  g.  of  mono- 
ethyl-,  77  g.  of  di-ethyl-benzene  and  18  g.  of  higher  compounds  were  ob- 
tained. It  is  thus  possible  to  convert  a  given  amount  of  benzene  and 
the  proper  amount  of  ethylene  almost  completely  into  ethyl-benzene, 
or  into  the  di-  or  tri-ethyl-benzene  as  desired. 

The  Ethylation  of  Naphthalene. 
By  the  action  of  ethyl  chloride  on  naphthalene  Marchetti*  obtained 

•Radziewanowski^  Ber.,  27,  3235  (1894). 

'  Boedtker  and  Halse,  BvU,  soc.  chim.,  [4]  19,  446  (1916). 

•  Marchetti,  Can.  cUm,  iud.,  11,  265,  439  (1881). 
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ethyl-naphthalene,  but  in  poor  yield.  Roux*  obtained  much  better  results 
if  ethyl  bromide  and  particularly  if  the  iodide  was  employed,  and  showed 
that  the  fi  isomer  is  the  one  obtained.  He  tried  in  various  ways^®  to 
substitute  ethylene  for  the  halide  but  could  isolate  no  ethyl-naphthalene 
from  the  products.  Fischer  and  Schneider^^  found  no  reaction  between 
ethylene  and  naphthalene  at  100-200^.  We  endeavored  to  effect  this 
reaction  by  the  aid  of  high  speed  stirring  but  without  success. 

Knowing  that  phthalic  anhydride  reacts  with  the  naphthalene  in  a 
mixture  of  benzene  and  naphtlialene  in  presence  of  aluminum  chloride, 
we  passed  ethylene  into  a  solution  of  260  g.  of  naphthalene  in  260  g.  of 
benzene  with  50  g.  of  aluminum  chloride  with  the  usual  high-speed  stirring 
at  80^  but  the  maximum  absorption  was  only  100  cc.  per  minute  so  this 
was  abandoned. 

Niggemann^'  boiled  naphthalene  with  solvent  naphtha  and  aluminum 
chloride  but  obtained  no  definite  indications  of  the  methylation  of  the 
naphthalene  at  the  expense  of  the  solvent.  However,  the  ethylation 
of  naphthalene  can  be  readily  accomplished  by  the  transfer  of  ethyl  groups 
from  benzene  in  the  presence  of  aluminum  chloride  aided  by  high-speed 
stirring,  as  shown  by  the  following  experiment. 

A  mixture  of  500  g.  of  naphthalene,  400  g.  of  di-ethyl-benzene,  160  g. 
of  ethyl-benzene,  total  1060  g.,  and  the  ferment  from  60  g.  of  aluminum 
chloride  was  stirred  at  10,000  r.  p.  m.  for  5  hotns  at  80?.  The  dear  top 
layer  was  separated,  washed,  dried  and  fractionated  through  a  good  column. 
This  gave  22  g.  of  benzene,  295  g.  of  ethyl  benzene,  163  g.  of  diethyl  ben- 
zene, 256  g.  of  naphthalene,  170  g.  of  ethyl-naphthalene,  and  140  g.  of 
higher  products;  total,  1046  g.  That  the  stirring  is  very  advantageous 
was  shown  by  a  parallel  experiment  in  which  a  similar  mixture  ¥^as  heated 
for  24  hours  in  a  boiling  water-bath  without  stirring.  From  the  product 
410  g.  of  naphthalene  was  recovered  and  only  70  g.  of  ethylated  naph- 
thalene products  obtained. 

From  different  runs  some  700  g.  of  ethyl-naphthalene  ¥^as  prepared 
and,  along  with  it,  was  obtained  a  series  of  fractions  doubtless  representing 
poly-ethyl-naphthalenes.  The  fraction  260-280  "^  at  4  mm.  deposited 
crystals  which,  after  two  recrystallizations  from  benzene  and  one  from 
acetic  acid,  melted  sharply  at  179°.  The  supposed  poly-ethyl-naphtha- 
lenes are  viscous  oils  showing  bluish-red  fluorescence.  The  study  of  these 
must  be  postponed. 

It  is  believed  that  other  unsaturated  hydrocarbons  such  as  propylene, 

•Ronx,  Ann.  ckim.  phys.,  [6]  12,  289  (1887). 
>«Ref.  9,  p.  306.  note. 

"  Fischer  and  Schneider,  "Ges.  Abhand.  ztir  Kenntnis  der  Eohle."  1917,  Vol.  1. 
p.  227,  thnrngh  C.  A.,  13,  8183  (1919). 

»Niggeniann.  op.  cU.,  Ref.  11,  pp.  265-8.  through  C.  A.,  13,  3184  (1919). 
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butylene,  etc.,  will  react  with  benzene  under  the  same  general  conditions 
and  it  is  intended  to  take  up  the  study  of  these  in  this  Laboratory. 

Summary. 

1.  By  the  aid  of  intensive  stirring  ethylene  can  be  made  to  react  with 
benzene  in  the  presence  of  alumintun  chloride  so  rapidly  and  completely 
that  this  becomes  a  practical  method  for  the  ethylation  of  benzene. 

2.  Naphthalene  can  be  readily  ethylated  by  heating  it  with  poly-ethyl- 
benzenes  and  alumintun  chloride  under  intensive  agitation. 

Bai«timorb«  Maryi^nd. 

■  » 

[Contribution  from  th9  Polarimstry  Ssction,  Bursau  of  Standards,  U.  S. 
dspartmbnt  of  commitrcs.] 

AN  IMPROVED   METHOD   FOR  PREPARING  RAFFINOSE.' 

By  E.  p.  Ci^ark. 

Received  October  17.  1921. 

Several  methods  have  been  proposed  for  the  preparation  of  raffinose.^ 
All  these  procedures,  however,  with  the  exception  of  the  method  of  Huds(Hi 
and  Harding,  as  these  authors  have  well  pointed  out,  have  many  serious 
disadvantages.  The  latter  method,  while  it  is  a  decided  improvement 
over  all  others,  and  gives  fairly  good  results  on  very  small  lots,  neverthe- 
less has  objectionable  features  when  applied  to  the  preparation  of  larger 
quantities  of  the  sugar.  Chief  among  these  may  be  mentioned  the  tedious 
procedure  in  extracting  the  meal,  the  necessity  of  evaporating  large  quan- 
tities of  water,  due  to  the  excessive  dilution  of  the  extract,  and  the  quan- 
tity and  cost  of  the  reagents  required.  The  following  method  overcomes 
these  disadvantages  and  enables  one  to  prepare  relatively  large  quantities 
of  this  sugar  by  a  convenient  and  economical  process. 

Five  kg.  of  coarsely  grotmd  cotton-seed  meal  is  thoroughly  moistened 
with  2  liters  of  water  and  allowed  to  stand  overnight.  It  is  then  loosely 
packed  in  a  cylindrical  percolator,  and  sufl5cient  water  added  to  saturate 
the  meal  and  leave  a  stratum  above  it.  When  the  liquid  begins  to  run 
from  the  percolator,  more  menstruum  is  added,  from  time  to  time,  until 
a  sample  of  the  percolate,  after  defecation  with  dry  basic  lead  acetate,  has 
an  optical  rotation  of  not  more  than  1  circular  degree  in  a  2dcm.  tube.' 

>  Published  by  the  permission  of  the  Director,  U.  S.  Bureau  of  Standards. 

'  von  lippmann,  "Die  Chemie  der  Zuckerarten/'  Friedrich  Viewig  und  Sohn, 
Braunschweig,  1904,  3rd  ed.,  pp.  1627-1630.  Zitkowsky,  Am.  Sugar  Ind„  12,  p.  324 
(1910).     Hudson  and  Harding,  This  Jottrnal,  36,  2110  (1914). 

'  As  there  are  substances  in  the  meal  which  are  extracted  much  more  slowly  than 
the  sugar,  and  which  cause  difficulty  in  the  subsequent  steps,  as  well  as  give  an  inferior 
product,  it  is  essential  to  obtain  a  quite  rapid  percolation,  consuming  not  more  than 
30  to  35  minutes;  and  it  is  not  expedient  to  carry  the  extraction  beyond  where  the 
optical  rotation  of  the  liquid  is  less  than  1**  in  a  2dcm.  tube. 
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The  process  is  then  stopped,  and  the  perccdate  is  treated  with  a  solution 
of  basic  lead  acetate  until  no  more  precipitate  is  formed.  The  yellow 
precipitate  is  filtered  upon  large  folded  filters  and  finally  washed  on  the 
filter  with  a  little  water.  The  filtrate  and  washings,  which  should  have 
a  volume  of  12  to  13  liters,  are  freed  from  the  excess  of  lead  with  oxalic 
add.  The  lead  oxalate  is  removed  and  washed  on  the  filter  with  a  little 
water.  The  filtrate  and  ¥^ashings  are  thoroughly  mixed,  measured,  and 
the  optical  activity  of  the  liquid  determined.  It  is  then  made  distinctly 
alkaline  to  litmus  with  sodium  hydroxide.  The  precipitate  thus  formed 
flocks  out  and  settles  to  the  bottom  of  the  vessel  in  a  few  minutes.  The 
supernatant  liquid  is  next  filtered  through  a  Bfichner  funnel  provided 
with  a  thin  layer  of  decolorizing  carbon  on  filter  paper.  The  filtration 
is  rapki  under  these  conditions,  and  when  all  has  passed  through,  the 
precipitate  is  placed  on  the  filter  and  drained. 

The  rafiSnose  is  next  removed  from  the  solution  by  forming  the  insoluble 
calcium  raffinosate.  To  conveniently  accomplish  this,  the  liquor  is  cooled 
to  10**,  or  lower,  placed  in  a  jar  or  other^suitable 
container,  and  rapidly  stirred  with  a  mechanical 
stirring  device.  As  it  is  being  agitated,  a  quantity 
of  powdered  active  lime,  preferably  200  mesh, 
but  sot  coarser  than  100  mesh,  sufficient  to  precip- 
itate aU  the  sugar,  is  slowly  sifted  in.  After  all 
has  been  added,  the  stirring  is  continued  for 
about  5  minutes.  If  the  lime  is  active,  and  the 
optical  activity  of  the  solution  is  calculated  to 
ra£Bnose  hydrate  with  a  specific  rotation  of  about 
105^  1  g.  of  lime  to  1  g.  of  raffinose  is  sufficient 
for  complete  precipitation.  However,  unless  the 
activity  of  the  lime  is  known,  it  is  advisable  to 
test  the  liquid  to  see  whether  all  the  sugar  has 
been  removed;  if  not,  more  lime  should  be  added.  The  calcium  raffinosate 
is  filtered  off,  washed  by  grinding  up  to  a  smooth  paste  with  2.5  liters  of 
odd  lime  water,  and  again  filtered. 

It  is  next  carbonated  to  neutrality.  Emphasis  is  to  be  laid  upon  ac- 
complishing this  easily  and  quickly.  The  device  illustrated  in  Pig.  1 
was  used  for  this  purpose.^    The  cake  of  raffinosate  is  placed  in  a  deep, 

*  The  design  is  essentially  that  developed  by  Mr.  C.  W.  Doherty  of  the  Great 
Western  Sugar  Company  for  carbonating  beet  juices.  It  consists  of  an  ordinary  stirring 
ippmtns  that  may  be  clamped  to  any  rigid  laboratory  support  stand.  The  stirring 
daft.  A,  is  made  of  steel  tubing  8  mm.  inside  diameter.  Just  below  the  shaft  support 
ii  a  ttokm,  B,  to  which  is  joined  another  section  of  shafting  of  the  desired  length.  For 
most  laboratory  work,  a  length  of  45  cm.  is  sufficient.  Attached  to  the  lower  end  are 
2  triangular  plates.  These  plates,  which  are  2  mm.  thick  and  whose  sides  are  75  mm. 
loaf,  are  held  2  mm.  apart  by  3  rivets  near  the  apex  of  the  angles.    The  plate  attached 
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Fig.  1. 
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narrow  can  of  about  8  liters'  capacity  and  filled  3/4  full  of  water  at  50  ^ 
and  a  lively  stream  of  carbon  dioxide  is  passed  through  the  apparatus  while 
it  is  being  turned  about  1500  r.  p.  m.  In  this  way  the  gas  is  centrifugally 
distributed  and  neutralizes  the  lime  in  4  or  5  minutes  without  any  loss 
of  carbon  dioxide.  The  solution  is  filtered  while  hot  and  the  precipitate 
is  washed  by  grinding  up  with  2  liters  of  water  and  again  filtering.  The 
combined  liquors  are  evaporated  under  diminished  pressure  to  70-75% 
total  solids  and  warmed  to  about  60^.  To  this  syrup  95%  ethyl  alcohol 
is  added  just  to  saturation.  The  alcoholic  solution  is  then  warmed  on 
the  water-bath  to  about  60^  and  filtered  through  a  small  Biichner  funnel 
in  which  has  been  placed  a  mat  of  washed  asbestos.  The  filtrate,  which 
is  brilliantly  dear,  is  seeded  and  placed  in  the  ice  box  to  crystallize.  Two 
days  are  generally  suflScient  for  complete  crystallization. 

The  raJBSnose  is  filtered  from  the  mother  liquor,  washed,  first  with  80%, 
then  95%  alcohol,  and  dried.  The  yield  varies  considerably,  according 
to  the  amount  of  sugar  in  the  meal ;  but  from  a  number  of  different  experi- 
ments in  which  different  meals  were  used>  3rields  from  2.3%  to  4%  were 
obtained.  The  crude  sugar  thus  prepared  is  quite  pure,  containing  only 
from  0.06  to  0.08%  ash. 

To  purify  crude  rafiSnose,  a  40%  solution  (anhydrous  sugar)  is  made 
by  dissolving  it  in  distilled  water  at  70®.  The  warm  solution  is  filtered 
through  a  mat  of  asbestos  and  placed  in  the  ice-box  to  crystallize.  The 
crystals  are  freed  from  mother  liquor,  washed  with  80%,  then  95%  alcohol, 
and  dried.  A  sample  of  air-dried  material  thus  ptuified  contained  0.005% 
ash. 

An  alternative  method  of  recrystallization  is  to  coilcentrate  the  above 
40%  solution  under  reduced  pressure  to  70%  total  solids,  warm  to  70**, 
and  add  two  volumes  of  95%  alcohol  with  constant  stirring.  Crystalli- 
zation begins  almost  at  once  and  is  complete  in  a  few  hours.  The  crystals 
are  filtered  ofif,  washed  with  95%  alcohol,  and  dried. 

to  the  shafting  has  an  opening  connecting  with  the  stirring  rod.  The  bottom  plate 
has  no  opening.  C  is  a  stuffing  box  made  by  simply  attaching  to  the  stirring  shaft  a 
short  piece  of  good  rubber  tubing  in  which  is  placed  a  well  oiled,  closely  fitting  cork  cylin- 
der, D,  through  which  a  piece  of  glass  tubing,  E,  is  inserted.  The  glass  tube  is  held  rigid 
by  means  of  a  damp,  P.  The  cork  thus  arranged  may  be  made  gas-tight,  and  still 
turn  freely,  by  tightening  the  rubber  tubing  about  it  with  a  wire. 

Incidentally,  this  apparatus  may  be  used  to  advantage  for  a  number  of  purposes. 
In  the  work  described  in  this  paper,  when  any  stirring  was  done,  or  when  precipitates 
were  ground  up  with  water  in  order  to  wash  them,  the  stuffing  box  attachment  was 
removed  and  the  upper  orifice  of  the  turning  shaft  corked.  The  precipitate  was  placed 
in  a  suitable  container  with  the  liquid  used  to  wash  it  and  the  apparatus  turned  for  1 
or  2  minutes.  At  the  end  of  this  time,  the  mixture  was  a  perfectly  smooth  paste,  all 
lumps  being  completely  broken  up.  It  has  also  been  used  very  effectively  in  decom- 
posing lead  precipitates  with  hydrogen  sulfide.  Quantities  of  lead  precipitates,  which 
would  normally  require  from  3  to  4  hours  for  complete  decomposition,  have  been  de- 
composed completely  in  15  to  20  minutes, 
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An  air-dried  sample  thus  prepared  contained  0.015%  ash,  and  its  rota- 
tion, after  being  completely  dehydrated,  was 

[«1d       .      =123.23  (10.0136  g.  per  100  cc.) 
[ofx^MQA.  «  » 144.95  (10.0136  g.  per  100  cc.) 

Summary. 

An  improved  method  for  preparing  raffinose  from  cotton-seed  meal  has 
been  developed. 

Cotton-seed  meal  is  extracted  by  percolation.  The  eirtract  is  purified 
with  basic  lead  acetate  and  the  excess  of  lead  removed  with  oxalic  acid. 
The  sugar  is  then  removed  from  the  solution  as  the  insoluble  calcium 
raffinosate.  To  regenerate  the  raffinose  this  compound  is  decomposed  with 
carbon  dioxide.  The  resulting  solution  is  evaporated  under  diminished 
pressure  to  70-75%  total  solids  and  crystallized  by  the  addition  of  alcohol. 

A  device  is  described  for  the  convenient  and  rapid  carbonation  of  the 
raffinosate;  and  other  uses  for  this  apparatus  are  sugge^ed. 

WASmNGTON,  D.  C. 


[CONTRIBTmON    FROM    THB    ROCKSPSUJSR    INSTITUTE    FOR    MBDICAI*    RESEARCH.] 

THE  SIGNIFICANCE  OF  THE  ISO-ELECTRIC  POINT  FOR  THE 
PREPARATION  OF  ASH-FREE  GELATIN. 

By  JACQXTES  LOEB. 
Recdved  November  16, 1021. 

Three  years  ago  the  writer  published  a  paper  on  "the  significance  of 
the  iso-electric  point  for  the  purification  of  amphoteric  colloids"^  in  which 
it  was  shown  that  amphoteric  colloids  could  be  rendered  ash-free  in  a 
simple  and  quick  way  by  bringing  the  powdered  ampholyte,  e.  g.,  gelatin, 
to  the  iso-dectric  point  and  then  washing  a  suflldent  number  of  times 
with  cold  water.  This  method  was  based  on  the  writer's  observation 
that  at  the  iso-electric  point  an  amphoteric  electrolyte  like  gelatin  cannot 
combine  with  either  anion  or  cation,  and  hence  if  iso-electric  gelatin  in 
powdered  form  be  washed  sufficiently  all  the  ash  formerly  in  combination 
with  the  gelatin  can  be  removed.  The  usual  procedure  for  preparing 
practically  ash-free  gelatin  used  in  the  writer's  laboratory  is  as  follows. 
Fifty  g.  of  commercial  powdered  Cooper's  gelatin,  which  happened  to  possess 
a  Serensen  value  (Pr)  6.0  to  7.0,  is  put  into  3000  cc.  of  0.0078  M  acetic  add  in  a  jar 
at  10",  and  stirred  frequently.  After  30  minutes  the  supernatant  liquid  is  decanted 
and  fresh  0 .0078  M  acetic  add  at  10**  added  to  equal  the  original  volume.  The  mass 
is  frequently  stirred  and  after  30  minutes  the  acid  is  again  decanted  and  Replaced  by 
an  equal  volume  of  distilled  water  at  5**  and  a  hydrogen-ion  concentration  a  little 
above  Pel  5.0.  The  gelatin  is  well  stirred  and  then  filtered  by  suction  through  towel 
doth  in  a  Buchner  funnd.  It  is  then  washed  in  the  funnd  5  times  each  with  1000  cc. 
of  water  at  5**.    After  all  the  water  is  drained  off  the  gdatin  is  transferred  from  the 

«Locb,  J.  Gen.  Physiol,,  1,  237  (1918-19). 
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Buchner  funnel  into  a  large  beaker  which  is  then  heated  in  a  water-bath  to  about  50^ 
till  the  gelatin  is  melted. 

The  concentration  of  the  gelatin  is  determined  by  evaporating  to  dryness  10  cc 
of  the  melted  gelatin  in  an  electric  oven  at  90  **  to  100^  for  24  hours.  " 

A  sample  of  such  gelatin  was  taken  at  random  and  the  ash  determined 
by  Dr.  Hitchcock  of  this  laboratory.  The  stock  solution  of  gelatin  con- 
tained 12.69%  of  gelatin.    The  results  of  the  analysis  are  as  follows. 

Sample  1  Sample  2 

Volume  of  solution,  cc 20  10 

Weight  of  dry  gelatin,  g 2 .635  1 .269 

Weight  of  ash,g 0.0024  0.0012 

Obtained  qualitative  tests  for  Fe+++,  Ca++,  and  PO4-;  negative  tests  for  Gl- 
and 804." 

In  the  writer's  experiments  on  swelling,  osmotic  pressure,  and  viscosity, 
1  g.  of  originally  iso-electric  gelatin  was  as  a  rule  contained  in  100  cc.  of 
solution  or  liquid.^  The  ash  content  in  this  solution  might  have  been  about 
1  mg.  It  was  shown  in  the  writer's  experiments  that  that  amotmt  of 
ash  (which  equals  roughly  a  0.000033  M  solution  of  tricalcium  orthophos- 
phate)  has  no  influence  on  the  physical  properties  of  the  proteins,  such 
as  osmotic  pressure,  swelling,  viscosity,  or  potential  difference.* 

Miss  Field'  has  shown  that  by  carrying  the  washing  process  a  step 
further,  the  last  traces  of  ash  can  be  removed  from  the  powdered  gelatin. 

I  had  used  the  term  "free  from  ionogenic  impurities"  instead  of  "ash- 
free"  to  signify  the  theoretical  justification  for  the  method.  That  my 
method  was  intended  to  yield  ash-free  gelatin. was  correctly  understood 
by  J.  H.  Northrop  who  used  it  for  this  purpose  in  his  work  on  the  digestion 
of  gelatin*  as  well  as  by  Miss  Field  who  had  seen  me  before  the  pubU- 
cation  of  her  paper. 

In  a  paper  recently  published  in  This  Journal,  C.  R.  Smith*  states 
that  my  results  on  the  osmotic  presstu-e  and  swelling  of  gelatin  were  viti- 
ated by  the  fact  that  my  gelatin  solutions  were  not  ash-free.  This  is 
contrary  to  fact  as  far  as  my  papers  published  during  the  last  three  years 
are  concerned.  Smith  refers  to  older  papers  published  by  me  before 
September  1918  in  the  Journal  of  Biological  Chemistry,  and  adds  in  the 
reference  "also  recent  articles  in  Am.  J.  Expt.  Physiol.**  This  is  an  error, 
since  my  papers  on  proteins  during  thfe  last  three  years  were  published  in 
the  Journal  of  General  Physiology,  Science,  and  Journal^  de  chimie  physique.* 

The  values  for  the  osmotic  pressure  of  solutions  containing  1  g.  of  orig- 
inally iso-electric  gelatin  in  100  cc.  are  given  in  a  paper  published  in  the 
»  Loeb,  /.  Gen.  Physiol.,  1,  39,  237,  363,  483,  659  (I91&-19);  2,  87  (1919-20);  3, 
85,  247,  391,  547,  557,  667,  691,  827  (1920-21);  4,  73,  97  (1921-22).  Science,  42, 494 
(1920).  /.   chitn,   phys.,    18,   283    (1920). 

•  Field,  Tras  Journai,,  43,  667  (1921). 

*  /.  Gen,  Physiol.,  3,  715  (1920-21). 

» Smith,  This  Journai,,  43,  1350  (1921). 
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May  number  of  the  Journal  of  General  Physiology.  Former  values  were 
lower  since  the  solutions  contained  less  than  1  g.  in  100  cc.,  usually  0.8  g., 
as  was  pointed  out  in  a  paper  published  in  January,  1921,  in  the  same 
Jounial. 

I  have  recently  shown  that  the  osmotic  pressure  of  a  gelatin  solution 
of  a  given  hydrogen-ion  concentration  is  not  a  constant,  since  if  diminishes 
on  standing  on  account  of  the  formation  of  aggregates. 
New  York  Cixy. 


NOTES. 

Syndesis  of  Indigo  from  Fumaric  Acid  and  Aniline* — In  the  "Text- 
Book  of  Dye  Chemistry"  by  G.  von  Georgevics  and  Grandmougin^  there 
is  the  statement  that  indigo  has  never  been  obtained  by  fusion  with  potash 
followed  by  air  oxidation  from  dianilido-sucdnic  acid  C«H5.NH.CH- 
(COOH)CH(COOH).NH.C«H5.  In  the  course  of  some  work  on  the 
compounds  derived  from  maleic  acid  the  following  experiments  were 
made  which  show  that  appreciable  yields  of  indigo  may  be  obtained  from 
this  compound. 

Preparation  of  Dibrom-succinic  Acid. — ^The  method  given  by  Michael* 
was  used.  Thirty  g.  of  fumaric  acid,  41.4  g.  of  bromine,  and  26  cc.  of 
glacial  acetic  add  were  heated  in  a  sealed  tube  at  100®  for  7  hours.  The 
contents  of  the  tube  were  washed  into  an  evaporating  dish  with  a  little 
acetic  acid  and  evaporated  to  dryness.  The  average  yield  on  three  runs 
was  96.5%. 

For  the  preparation  of  dianilido-succinic  add  the  method  given 
by  Reissert*  was  followed.  The  3ridds  were  37%,  38.7%  and  41.5%  of 
the  theoretical. 

Fusion  of  Dianilido-succinic  Acid  to  Indigo. — ^Vorlander^  recorded 
that  he  secured  indigo  in  3  out  of  40  or  50  trials  by  fusing  the  above  add 
with  potassium  hydroxide.  No  yidds  were  given.  The  fusion  of  the 
free  dianilido-succinic  add  by  us  with  a  molecular  mixture  of  potassitun 
and  sodium  hydroxide  (9.6  parts  to  1  part  of  add)  in  a  small  crudble  at 
450**  for  1  V«  hours  followed  by  air  blowing  failed  to  give  a  trace  of  indigo. 
Similar  negative  results  were  obtained  in  a  dosed  agitated  pot  with  the 
mixed  caustic.  However,  indigo  was  obtained  by  the  following  procedure. 
A  molecular  mixture  (300  g.)  of  potassium  and  soditun  hydroxides  was 
dehydrated  at  450**  for  2Vi  horns  in  a  dosed  agitated  iron  pot.  Thirty 
g.  of  sodamide  was  then  added  and  a  stream  of  dry  ammonia  passed  through 

'  Scott,  Greenwood  and  Co.,  -I/mdon,  1920.    Trans,  from  4th  German  ed.  by 
P.   A.   Mason. 

'Michael,  /.  praJU.  Chim,,  [2]  52,  295  (1851). 
•Reissert.  Ber.,  26,  1763  (1893). 
^Vorlander,  Ber.,  27,  1604  (1894). 
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the  pot.  To  the  melt  25  g.  of  the  sodium  salt  of  dianilido-succmic  add 
was  added.  The  temperature  was  held  at  230-240*'  for  1V«  hours. 
The  melt  was  dissolved  in  water  and  blown  with  air.  Indigo  precipitated 
and  was  filtered  off.  The  yield  was  11.5  g.  or  60.4%  of  that  calculated 
on  the  basis  of  100%  indigo  from  pure  (100%)  dianilido-sucdnic  add, 
or  25%  on' the  fumaric  add  added. 

This  indigo  was  96.5%  pure  by  the  method  of  Bloxam^  and  showed 
satisfactory  dyeing  qualities. 

RssSARCH  Laboratory  of  ths  Barrstt  Cobcpany,  G.  C.  Bahjsy, 

Nbw  York  Cmr.  .  R.  S.  Potter. 

Received  October  6,  1021. 

The  Occurrence  of  Terpin  Hydrate  in  Nature. — ^Terpin  hydrate, 
(C10H20O1.H2O),  a  well  crystallized  substance,  has  long  been  known  as 
a  product  of  the  s)mthetic  laboratory.  It  is  easily  jprepared  by  allowing 
turpentine  oil  to  stand  in  the  air  in  contact  with  water  for  a  long  time  or 
more  rapidly  by  addmg  nitric  add  and  alcohol  to  the  mixture.  It  seems 
strange,  then,  that  it  should  not  have  been  formed  by  natural  agencies, 
yet  imtil  recently  it  was  imknown  in  nature.  In  October,  1920,  the  writer 
described  a  crystalline  substance,  flagstaflSte,  found  in  buried  pine  logs, 
giving  the  result  of  chemical  analyses,  molecular  weight  determinations 
and  crystallographic  measurements.*  At  that  time  he  was  imable  to  find 
any  natural  or  synthetic  product  that  corresponded  to  it,  but  later,  on  the 
suggestion  of  Dr.  Francis  D.  Dodge  of  Brooklyn,  N.  Y.,  careful  comparisons 
were  made  with  terpin  hydrate  with  the  result  that  both  crystallographi- 
cally  and  chemically  they  were  fotmd  identical.*  The  discovery  of  this 
substance  in  logs  buried  at  least  500  years  as  shown  by  tree  rings  in  stumps 
still  rooted  in  the  debris,  adds  a  new  mineral  spedes,  while  its  identity 
with  a  well-known  synthetic  product  is  of  general  interest. 

UNivBRsmr  OF  Arizona,  F.   N.   Guiu>. 

Tucson,  Arizona. 

Received  Noyember  21,  1921. 


The  Action  of  Halogens  on  Aceto-acetic  Ester. — The  action  of  chlorine 
and  of  bromine  on  aceto-acetic  ester  has  been  the  subject  of  many  in- 
vestigations and  of  considerable  controversy.  In  a  series  of  researches 
extending  from  1890-4  Hanztsch  finally  proved,  by  a  method  that  is  both 
elegant  and  condusive,  that  the  product  obtained  by  passing  chlorine  into 
the  ester  is  an  a-chloro  derivative,  while  that  obtained  by  adding  bromine 
to  solutions  of  the  ester  is  a  7-bromo  compound.  Hantzsch  also  discovered 
that  in  the  presence  of  hydrogen  bromide,  the  a-bromo  ester  obtained  by 
•  Bloxam,  J.  Soc,  Chem,  Ind„  25,  735  (1906). 

>  Guild,  American  Mineralogy,  5,  155  (1920), 
'    » GuUd,  ibid..  6,  133  (1921), 
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brominating  the  copper  derivative  passes  more  or  less  rapidly  into  the 
7-bromo  isomer. 

I  have  found  that  when  the  bromination  is  conducted  as  nearly  as 
possible  in  the  manner  in  which  the  ester  is  commonly  chlorinated  the 
product  is  the  a-bromo  ester.  Thus  when  22  g.  of  bromine  was  carried 
into  27  g.  of  aceto-acetic  ester  by  a  rapid  current  of  air  which  both  intro- 
duced the bromineas  vapor  and  swept  out  the  hydrogen  bromide,  the  sole 
product  ¥^as  the  a-bromo  ester:  with  thio-urea  it  gave  only  amino-thiazol- 
carboxylic  ester. 

The  action  of  bromine  on  aceto-acetic  ester  is  therefore  exactly  the  same 
as  that  of  chlorine,  and  the  differences  heretofore  observed  are  due  to 
differences  in  procedure.  j^^   X.   Smith. 

ScHooi,  o9  CBSmsraY,  Univsrsitt  op  Minnesota. 
MnmSAFOus,  MnmssoTA. 

Received  Norember  30, 1021. 


Correction. — In  the  paper  on  "Preparation  and  Hydrolysis  of  Benzyl 
Esters"  in  the  July,  1921,  number  of  This  Journal,  p.  1674,  in  lines  2 
and  3,  the  words  "salicylate  product"  should  read  "a  product,"  and  in  Kne 
11,  the  words  "abouv  20^"  should  read  "about  -20^." 

E.   H.   VoLwn^R, 
CmcAGO,  Iixmois.  E.  B.  Vlibt. 

Received  November  ao,  1021. 
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Die  Elektrametrische  Massanalyse.  (Bectrometric  Vdumetric  Analysis.)  By 
Dr.  Erich  Mt)ix8R,  Ord.  Professor  and  Director  of  the  Laboratory  of  Electrochemis- 
try and  Physical  Chemistry  at  the  Technische  Hochschule,  Dresden.  Theodor  Stern- 
kopff,  Dresden  and  hapag,  1921.  vi  +  110  pp.  19  fig.  15.5  X  23  cm.  Price 
£0-8-8. 

The  scope  of  dectrometric  titration  has  been  greatly  extended  during 
the  past  few  years  by  the  researches  of  TreadweU,  Dutoit,  and  particu- 
larly of  Pinkhof  and  of  Liebisch.  Moreover,  these  last  mentioned  authors 
have  published  their  results  in  dissertations  which  are  comparatively 
inaccessible.  The  present  volume,  therefore,  containing  a  collection  and 
critical  discussion  of  this  material,  is  decidedly  opportune. 

In  it,  the  author  first  gives  a  dear  and  simple  presentation  of  the  theo- 
retical prindples  underlying  this  method  of  analysis.  He  indudes  a 
discussion  of  those  requirements  which  must  be  met  if  a  given  chemical 
reaction  is  to  be  utilized  for  dectrometric  titration,  and  of  those  measures 
which  can  be  taken  if  an  indicator-dectrode  fails  to  respond  to  dther  of 
the  partial  reactions  involved  in  the  chemical  equilibrium. 

Next,  the  author  describes  4  general  methods  for  the  execution  of  dec- 
trometric titrations,  and  considers  the  rdative  advantages  and  disad- 
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vantages  of  each.    Many  practical  suggestions  are  made  for  the  execution 
of  the  measurements. 

Finally,  the  author  gives  a  compilation  of  those  reactions  which  so  far 
have  been  successfully  utilized  for  electrometric  titration.  The  list  is 
already  an  imposing  one,  and  includes  among  others  the  determination 
of  silver,  mercury,  copper,  cadmium,  lead,  hydrogen  and  zinc;  chlorides, 
bromides  and  iodides,  singly  and  together;  sulfides,  bromates,  iodates, 
chromates,   permanganates,   vanadates  and  ferrocyanides. 

This  volume  should  certainly  be  of  much  value  to  chemists  who  con- 
template using  this  simple  and  elegant  means  of  analysis,  or  who  wish 
to  study  its  further  extension  or  improvement. 

Arthur  B.  Lamb. 

Lehrbttch  der  Farbenchemie,  einschliesslich  der  Gewinnung  und  Veraxbeitcmg  des 
Teers  sowie  der  Mefhoden  zor  Darstellttiig  der  vor-  und  zwischenprodukte.  (A 
Treatise  on  Color  Chemistry,  induding  the  Production  and  Treatment  of  Coal 
Tar  as  well  as  the  Methods  for  the  Preparation  of  Crudes  and  Intermediates.) 
Second  revised  edition.  By  Dr.  Hans  Th.  Buchsrsr.  Otto  Spamer,  Leipzig, 
1921.  zi  +  636  pp.  18  X  25  cm.  Price  unbound,  336  M.;  bound,  364  M.  in 
England. 

Bucherer's  treatise  on  dye-chemistry,  after  the  manner  of  its  kind, 
has  grown  vigorously  during  the  brief  interval  between  the  first  and  second 
editions.  The  revised  version  begins  the  subject  at  an  even  earlier  stage 
than  the  old,  because  it  comments  on  present  ideas  as  to  the  nature  of 
coal,  and  gives  an  account  of  the  interesting  experiments  of  Fischer 
and  Gluud  on  the  extraction  of  coal  with  solvents  and  on  low  temperature 
coking. 

The  first  chapter,  which  deals  with  coal  tar  and  "crudes,"  has  been 
extensively  re-written.  It  brings  German  statistics  on  production,  and 
German  methods  for  handling  the  tar  up  to  1920.  The  latter  seem  to 
have  changed  little  diuing  the  past  decade.  The  author  repeats,  appar- 
ently with  little  faith,  the  reports  that  by  the  end  of  the  war  American 
production  of  toluene  had  reached  70,000  tons  a  year.  The  most  inter- 
esting item  in  the  section  on  "new  methods  proposed  for  dealing  with 
the  by-products  of  coking"  is  the  account  of  Feld's  elegant  plan  for  am- 
monia recovery. 

The  organic  chemist,  who  is  not  primarily  concerned  with  dyes,  will 
naturally  turn  with  greatest  interest  to  the  chapter  on  "intermediates." 
This  is  much  more  than  a  bald  account  of  the  methods  used  for  making 
the  substances  that  are  most  important  in  the  dye  industry.  It  is  a 
scientific  treatise  on  a  large  part  of  aromatic  chemistry;  but  the  choice 
of  subjects  as  well  as  the  order  in  which  they  are  presented  is  different 
from  that  of  a  regular  treatise  on  organic  chemistry.  As  it  is  stimulating 
to  have  more  or  less  familiar  facts  presented  from  a  different  point  of 
view,  most  organic  chemists  will,  like  the  reviewer,  find  mudi  that  is 
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suggestive  in  this  chapter.  The  sections  dealing  with  the  sulfonation  of 
naphthols  and  naphthyl  amines,  the  preparation  of  amines  by  the  sulfite 
method,  and  the  action  of  sulfites  on  nitro  compounds  deserve  special, 
commendation.  It  seems  strange  that  the  author  should  devote  so  mudi 
space  to  a  discussion  of  benzene  formulas  and  to  an  exposition  of  the  simpler 
facts  of  orientation  in  a  text  that  no  one  who  does  not  know  at  least  this 
much  organic  chemistry,  is  able  to  read.  Presumably,  he  found  it  easier 
to  develop  his  scheme  without  assuming  any  knowledge  on  the  part  of 
the  reader  than  to  decide  on  what  may  safely  be  assumed. 

The  third  and  final  chapter,  which  describes  the  S3mthesis  of  dyes, 
is  especially  well  done.  A  long  section  dealing  with  the  relation  between 
color  and  constitution,  and  a  shorter  one  dealing  with  dyeing  lay  the 
foundation  for  a  classification  of  dyes  and  for  the  introduction  of  the 
special  terms  used  in  dye  chemistry.  Then  follow  a  number  of  sections 
describing  the  methods  used  for  getting  the  various  classes  of  dyes,  much 
the  longest  being  devoted  to  vat  dyes.  By  writing  mechanisms,  some 
of  them  known,  others  assumed  as  plausible  for  the  most  general  methods, 
and  treating  others  as  variations,  the  author  manages  to  secure  consider- 
able cohesion  for  this  brittle  material.  An  illuminating  running  comment 
explains  why  certain  compounds  are  important  dyes  while  closely  related 
substances  are  valueless.  The  chapter  ends  with  an  interesting  account 
of  natural  coloring  matters  which  includes  Wilst§.tter's  work  on  the  antho- 
cyanidines  even  though  these  have  no  technical  value. 

The  volume  is  weU  printed  on  good  paper.  Marginal  notes  indicating 
the  subjects  discussed  and  an  excellent  index  increase  its  value  for  refer- 
ence. In  "response  to  many  requests"  the  author  has  supplied  the  new 
edition  with  an  extensive  bibliography,  which  is  printed  at  the  end.  If 
this  had  been  incorporated  in  the  text  it  would  be  much  more  valuable. 
Where  names  are  not  given  in  the  text  the  bibliography  is  of  little  use 
for  verifying  statements  of  fact  or  examining  the  evidence  on  which  con- 
clusions are  based. 

The  book  is  successful  and  the  second  edition  is  better  than  the  first. 
The  dye  chemist  wiU  want  it  in  any  case;  but  it  can  also  be  highly  recom- 
mended as  a  valuable  addition  to  the  library  of  the  organic  chemist  who 
is  not  primarily  interested  in  dyes. 

E.  P.  Kom^ER. 


Digitized  by  LjOOQ IC 


Digitized  by  LjOOQ IC 


•Vol.  44.  Fbbruary,  1922.  No.  2. 

THE  JOURNAL 


OF  THL 


American  Chemical  Society 

with  which  has  been  incorporated  the 

American  Chemical  Journal 

(Founded  by  Ira  Remsen) 


[CONtKIBUTIOK  FROM  THB  ChBIOCAL  LABORATORY  OP  THB  OhIO  STATS  UnIVBRSITY.  ] 

THE  COMPARATIVE  VALUES  OF  DIFFERENT  SPECIMENS  OF 
IODINE  FOR  USE  IN  CHEMICAL  MEASUREMENTS. 

Bt  C.  W.  Foui^  and  Samu^i,  Morris. 

Received  July  29.  1921. 

Introduction. 

This  paper^  gives  the  results  of  experiments  in  which  iodine  as  ordinarily 
prepared  as  a  standard  in  volumetric  analysis  was  compared  with  iodine 
of  atomic  weight  purity,  the  medium  of  comparison  being  a  sodium  thio- 
sulfate  solution. 

Papers  of  a  similar  sort  that  were  found  are  by  Gross*  and  Meineke.' 
Gross'  paper  is  very  brief  and  contains  none  of  the  original  data.  Meineke, 
on  the  other  hand,  prepared  a  number  of  specimens  of  iodine  by  different 
methods  and  through  the  medium  of  a  thiosulf  ate  solution  compared  them 
with  an  iodine  piuified  by  the  method  of  Stas.    His  technique,  however, 

^  This  is  the  third  of  a  series  of  investigations  at  the  Ohio  State  Laboratory  in  which 
some  fundamental  point  in  analytical  cheJtnistry  is  studied  by  comparing  the  substance 
or  operation  in  question  with  a  standard  substance  prepared  and  measured  with  as  near 
an  approach  to  "atomic  weight"  accuracy  as  may  be.  Other  similar  investigations  are 
in  progress  and  it  is  hoped  in  time  to  develop  new  methods  of  preparing  standard  sub- 
stances and  new  apparatus  for  increasing  the  accuracy  of  the  important  analytical 
measurements.  The  other  papers  are  in  This  Journai.,  36,  2360  (1914),  and  40,  1664 
(1918). 

*  Gross,  This  Journal,  25,  987  (1903). 

'  Meineke,  Chem.  Ztg„  16, 1126, 1219,  and  1230  (1882). 
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was  that  of  an  accurate  analytical  procedure,  rather  than  of  a  precise 
measurement,  and  therefore  it  seemed  worth  while  to  supplement  his 
results  by  the  scheme  followed  in  this  paper.  Meineke's  papers  are  rich 
in  information  about  the  purification  of  iodine  and  contain  a  wealth  of 
experimental  data. 

Preparation  of  Materials. 

Water. — "Conductivity"  water  was  used  throughout. 

Starch  Indicator. — ^A  sterilized  starch  paste  made  hy  the  method  given  in  Tread- 
well's  "Quantitative  Analysis"  was  employed. 

Potassium  Iodide. — One  of  the  so-called  analyzed  brands  was  used.     Tests  showed 
that  no  iodine  was  set  free  from  its  solutions  under  the  conditions  of  this  work. 

Hydrogen  Sulfide. — ^The  gas  was  generated  from  ferrous  sulfide  with  c.  p.  sulfuric 
acid.    Before  use  it  was  washed  5  times  with  water. 

Potassium  Permanganate. — The  c.  p.  salt  was  recrystallized  twice  in  platinum. 
It  gave  no  reaction  for  chlorine. 

The  Various  Specimens  of  Iodine. — "Atomic  Wsight"  Iodins.  One  of  the 
general  methods  of  Baxter^  was  faithfully  followed,  excepting  as  noted  below,  the  cycle 
of  piuification  processes  being  carried  through  three  times.  The  exceptions  were 
(a)  a  modification  of  the  apparatus  for  distilling  iodine  from  a  liquid  mixture  and  (6) 
the  apparatus  for  the  final  drying  of  the  iodine  at  the  conclusion 
of  the  wet  processes  of  piuification.  The  distillation  apparatus 
is  illustrated  in  Fig.  1.  The  essential  feature  is  the  condensation 
tube,  b,  about  19  mm.  in  diameter  and  long  enough  to  project  8 
or  10  cm.  into  the  600cc.  Erlenmeyer  fiask,  a.  It  is  cooled  by  a 
stream  of  tap  water,  passing  through  it  as  shown  in  the  drawing 
and  is  held  in  position  by  a  bulb  blown  near  the  top.  This  bulb  is 
given  an  umbrella  shape  which  serves  for  closing  the  neck  of  the 
fiask  against  loss  of  iodine  and  also  for  protecting  it  against  falling 
dust  or  other  contamination.  By  heating  the  mixture  in  the  flask 
almost  to  boiling  the  iodine  distils  and  solidifies  on  the  condensa- 
tion tube.  There  is  no  contamination  due  to  bumping  with  con- 
sequent projection  of  liquid  onto  the  iodine.  A  slight  danger  of 
splashing  from  falling  drops  of  water  that  had  condensed  on  the 
cold  tube  is  eliminated  by  placing  a  narrow  glass  plate  as  shown 
at  e.  The  drops  strike  this  and  glide  down  gently.  This  ap- 
paratus, which  is  analogous  to  one  described  in  Treadwell's  "Quantitative  Anal3rsis," 
has  proved  of  great  value  in  the  distillation  of  iodine.  Drying  and  sublimation  of  the 
iodine  was  effected  in  an  apparatus  made  from  a  Hempel  desiccator  modified  by  inserting 
supports  for  carrying  a  number  of  watch  glasses,  and  by  grinding  in  a  condensation  tube 
which  projected  through  the  tubtdure  at  the  top.  Phosphorus  pentoxide  was  placed  on 
the  watch  glasses  and  in  the  circular  tray  of  the  desiccator.  Iodine  to  be  dried  is  placed 
in  a  dish  in  the  bottom  of  the  apparatus,  which  is  moderately  warmed.  The  temperature 
of  the  interior  at  a  point  about  midway  between  the  top  and  bottom  was  40**.  Under 
these  conditions  iodine  vapor  ascends  slowly  over  and  around  the  phosphorus  pentoxide 
and  solidifies  on  the  condensation  tube,  which  is  cooled,  with  tap  water.  Like  the  dis- 
tillation apparatus,  this  drying  tower  was  fotmd  to  have  many  advantages.  Its  use  saved 
time  because  it  needed  no  attention  while  in  operation. 

As  a  final  note,  it  should  be  stated  that  all  transfers  of  the  "atomic  weight"  iodine 


*  Baxter,  This  Journal,  26,  1579  (1904). 
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from  one  vessel  to  another  that  occurred  in  the  last  of  the  series  of  purification  operations 
were  made  in  a  dust-proof  box  equipped  with  rubber  sleeves. 

lODiNB  2. — Commercial  iodine  was  ground  with  potassium  iodide  and  sublimed, 
and  the  sublimation  repeated  without  the  use  of  potassium  iodide.  The  final  product 
was  then  ground  in  a  mortar  and  placed  over  calcium  chloride. 

loDiNH  3. — ^This  was  commercial  "resublimed"  iodine  just  as  received  from  the 
laboratory  store-room. 

Iodine  4. — Iodine  recovered  from  titration  residues  and  from  residues  from  the 
purification  of  iodine  by  the  Baxter  method  was  the  starting  point  of  this  preparation. 
When  free  iodine  was  present  in  these  residues  it  was  reduced  by  hydrogen  sulfide  and 
the  resulting  hydriodic  acid  neutralized  by  sodium  hydroxide.  The  mixture  was  then 
evaporated  in  the  open  air,  treated  with  manganese  dioxide  and  sulfuric  add  and  the 
iodine  distilled.  This  iodine  was  then  twice  dissolved  in  potassium  iodide  solution  and 
redistilled.     It  was  dried  in  a  vacuum  desiccator  over  calcium  chloride  for  one  week. 

Iodine  5. — ^This  was  the  same  as  Iodine  4,  except  that  it  was  dried  in  the  phosphorus 
pentoxide  apparatus. 

Iodine  6. — ^This  was  prepared  in  all  respects  like  the  "atomic  weight"  iodine, 
excepting  that  it  was  not  sublimed  in  the  phosphorus  pentoxide  apparatus.  The  product 
from  the  last  distillation  from  potassium  iodide  solution  was,  instead,  placed  over  sul- 
furic add  where  it  remained  for  93  days  before  it  was  used. 

Comparison  of  the  Various  Specimens  of  Iodine. 

Balance  and  Weii^ts. — ^A  long-armed  Troemner  balance  and  a  set  of  gold-plated 
brass  wdghts  with  the  fractional  parts  of  platinum  were  used.  These  weights  had 
been  calibrated  by  the  Bureau  of  Standards.  All  wdghings  were  made  at  night  in 
order  to  avoid  the  vibrations  of  the  building.  The  method  of  tares  was  used  throughout 
and  it  is  believed  that  the  weighings  are  defined  to  within  0.02  to  0.03  mg.  Since  there 
is  no  reason  to  suppose  that  the  various  specimens  of  iodine  differed  materially  in  density, 
weights  were  not  reduced  to  a  vacuum,  but  they  were  corrected  for  the  different  densities 
of  brass  and  platinum,  so  that  the  values  as  finally  given  are  those  that  would  have  been 
obtained  had  all  oi  the  wdghts  been  of  platinum. 

Preparation  of  the  Iodine  for  Weighing. — 1.  In  case  the  iodine  was  to 
be  fused  it  was  placed  in  a  porcelain  boat  in  the  heating  tube  of  a  Richards 
bottling  apparatus.*  After  passing  dry  air  over  the  sample  for  20  to 
30  minutes,  the  part  of  the  tube  occupied  by  the  boat  was  cautiously  heated 
until  the  iodine  just  melted.  With  care  the  iodine  could  be  maintained  in 
the  liqtiid  state  for  one  or  two  minutes  without  tmdue  loss  by  volatilization. 
The  usual  procedure  was  to  keep  it  fused  for  one  minute  and  then  push 
the  boat  into  a  cooler  part  of  the  tube  towards  the  bottling  chamber. 
The  bottom  of  the  boat  being  then  in  contact  with  cold  glass  cooled  while 
the  upper  part  remained  warm.  Iodine  that  had  sublimed  on  the  edges 
of  the  boat  volatilized  again,  so  that  in  the  end  the  only  iodine  visible  was 
the  hard,  glassy  looking  cake  in  the  bottom  of  the  boat.  Diuing  the  whole 
operation  the  current  of  dry  air  was  maintained  and  continued  tmtil  every- 
thing was  completely  cool.  The  boat  was  then  bottled  and  after  lying 
in  the  balance  case  for  at  least  an  hour  was  weighed.  The  weighing  bottle 
and  empty  boat  had  previously  been  put  through  the  same  process  at 
*  Ridiards  and  Willard,  Tms  Journai^  32»  26  (1910). 
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least  twice  or  tmtil  constant  weight  was  reached.  In  the  weighing  of  all 
samples  a  weighing  bottle  and  boat  as  nearly  as  possible  like  those  con- 
taining the  iodine  were  used  as  a  counterpoise. 

The  air  passing  through  this  bottling  apparatus  was  first  filtered  through 
a  2-liter  bottle  filled  with  cotton  wool.  It  next  passed  through  an  all-glass 
series  of  purifying  and  drying  towers,  the  first  one  of  which  contained 
glass  beads  over  which  silver  nitrate  solution  trickled,  and  the  second  was 
filled  with  soditun  carbonate  that  had  previously  been  fused  and  the 
fusion  cake  broken  into  pieces;  next  followed  4  towers  of  beads  over  which 
cone,  sulfuric  acid  was  kept  flowing,  and  finally  a  tube  filled  with  alternate 
layers  of  glass  wool  and  phosphorus  pentoxide. 

2.  When  the  sample  of  iodine  was  not  to  be  fused,  it  was  transferred 
from  its  container  to  the  weighing  bottle  as  quickly  as  possible  and  with 
cautions  against  contamination  from  dust. 

Sodium  Thiosulf ate  Solution. — ^The  solution  of  sodium  thiosulfate  used 
throughout  the  work  was  a  residuum  of  5  or  6  liters  from  a  larger  lot  that 
had  been  made  up  in  December,  1918,  and  standardized  in  January,  1919, 
by  titrating  it  from  a  voltune  buret  against  resublimed  iodine  prepared  as 
described  above  for  Iodine  2.  Its  value  then  was  0.1003  N.  Dtuing  the 
interval  of  2  years  the  solution  had  stood  in  an  uncolored  glass  bottle 
exposed  to  the  light  but  protected  by  a  soda-lime  tube  against  add  fumes 
and  carbon  dioxide.  When  it  assumed  a  r61e  in  this  investigation  it  was 
placed  in  a  dark  room.  The  first  hope  that  a  thiosulfate  solution  as  old 
as  this  had  become  constant  was  unfounded,  for  a  few  months'  work  showed 
a  progression  in  the  results  that  pointed  to  a  gradual  decrease  in  its  iodine 
value.  Accordingly,  in  the  following  table  the  final  thiosulfate  values  of 
the  various  specimens  of  iodine  are  calculated  to  the  value  which  the  thio- 
sulfate solution  had  on  April  10,  1921. 

The  correction  factor  was  calculated  from  the  average  thiosulfate  solution 
values  of  0.40000  g.  of  "atomic  weight"  iodine  as  fotmd  in  Groups  I  and 

II,  and  from  the  corresponding  values  of  Iodine  2,  as  foimd  in  Groups 

III,  IV,  and  V  in  the  table.  This  gives  three  comparable  time  intervals, 
which  coincide  well  with  the  whole  work,  and  from  the  data  the  average 
daily  change  in  this  thiostdfate  solution  in  terms  of  weight  of  solution 
to  react  with  0.40000  g.  of  iodine  was  found  to  be  0.000787  g.  This  amount 
multiplied  by  the  time  in  days  between  the  date  of  an  experiment  and  April 
10,  was  added  or  subtracted,  as  the  date  demanded.  The  authors  are,  of 
course,  aware  that  such  a  procedure  is  not  to  be  recommended  in  precise 
measiu^ments,  but  in  their  case  it  became  a  necessity  in  order  to  save  the 
results.  The  error  introduced  does  not  destroy  the  value  of  the  results  as  a 
contribution  to  anal3rtical  chemistry. 

Solution  and  Titration  of  the  Iodine. — Two  titration  flasks  were 
employed  similar  in  all  respects  excepting  that  one  of  them  was  closed  with 
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a  rubber  stopper  and  the  other  one  was  entirely  of  glass  as  illustrated 
by  Fig.  2.  The  ground-in  stopper  carried  2  tubes,  a,  for  introducing  the 
sodium  thiosulfate  solution  and  b,  for  the  escape  of  displaced  air.  Loss 
of  iodine  vapor  during  a  titration  was  prevented  by  having  Tube  a,  dip 
below  the  surface  of  the  liquid  and  by  potassium  iodide  solution  in  the 
bends  of  Tube  b. 

The  introduction  of  the  weighed  portions  of  iodine  into  this  titrating 
flask  was  accomplished  by  first  loosening  but  not  removing  the  stopper 
of  the  weighing  bottle  and  then  putting  the  bottle  into  the  flask.  Next 
with  the  flask  in  an  inclined  position  the  stopper  of  the  weighing  bottle 
was  removed  with  a  glass  hook  which  was  quickly  withdrawn  and  the 
flask  closed.  Two  cc.  of  saturated  potassium  iodide 
solution  was  then  added  through  Tube  a,  followed  by 
a  little  water.  By  properly  rotating  and  inclining  the 
titrating  flask  the  boat  was  brought  out  of  the  weighing 
bottle  so  that  all  surfaces,  that  is,  of  the  weighing  bottle, 
its  stopper,  which  had  been  left  in  the  flask,  and  of  the 
boat,  could  be  bathed  in  the  strong  potassium  iodide 
solution.  When  the  iodine  was  dissolved,  the  volume 
was  made  up  to  about  150  cc.  with  water  and  was  ready 
for  titration.  This  was  done  according  to  the  following 
routine.  Thiosulfate  solution  was  added  in  approxi- 
mately 5g.  portions  with  intermediate  mixing  by  shak- 
ing the  flask.  When  all  but  a  trace  of  iodine  had  been  re- 
duced, starch  indicator  was  added  and  the  titration  finished. 

In  order  to  reach  a  uniform  end-point  4  comparison  flasks  of  the  same 
size  and  color  of  glass  as  the  titrating  flask  were  prepared  and  charged  with 
solutions  in  every  way  like  that  in  the  titration  flask  at  the  end  of  a  titration 
excepting  in  respect  to  the  content  of  iodine.  Comparison  flask  No.  1, 
ccmtained  no  iodine  and  Nos.  2,  3  and  4  had  amounts  of  iodine  equivalent 
respectively,  to  0.006  g.,  0.012  g.,  and  0.018  g.  of  the  thiosulfate  solution. 
These  varying  amounts  of  iodine  gave  with  starch  a  set  of  color  standards 
by  which  it  was  easy  to  follow  the  approach  of  the  end-point  in  the  solution 
being  titrated.  In  any  event  each  end-point  was  tested  by  titrating  back 
with  an  iodine  solution. 

It  was  found  that  a  more  uniform  end-point  could  be  obtained  with  the 
light  from  an  ordinary  tungsten  bulb  than  with  the  varying  light  of  the  sun. 
The  bulb  was  supported  a  few  centimeters  above  the  desk  top  with  a  sheet 
of  white  paper  above  it  to  reflect  the  light  downwards  upon  other  white 
paper  on  the  desk.  Upon  this  white  surface  on  the  desk  were  placed  the 
color  standard  flasks  and  from  time  to  time  the  titrating  flask  for  compari- 
son. The  observations  were  made  from  a  point  above  the  light  bulb, 
to  thjl^  way  the  end-points  were  reproducible  within  0.006  g.  of  the  thio- 


Fig.  2. 
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sulfate  solution.  Another  reason  for  preferring  artificial  light  to  that  of  the 
stm  is  the  action  of  the  latter  in  liberating  iodine.  Concentrated  solutions 
of  potassium  iodide  became  distinctly  yellow  in  10  minutes  in  direct  sun- 
light. 

Tabls  I 
Analytical  Results 


Iodine 

G. 

Iodine 
G. 

Thio- 
sulfate 
solution 

G. 

Thio-    Average  Average  Purity  of 
sulfate                corrected    iodine 
solution              for  change 
calculated                in  thio- 
to  0.40000                sulfate 
iodine                  solution 
G.            G.            G.              % 

Group    I,    AprU    10.    1921, 

0.39206 

32.3748 

33.030 

"Atomic  Weight"  Iodine. 

0.45868 

37.8628 

33.019 

not  fused. 

0.48325 
0.49642 
0.67185 

39.8879 
41 .0163 
47.2322 

33.014 
33.050 
33.038 

33.030 

33.030 

100.000 

Group    II,   April   29,    1921, 

0.54560 

^5.0777 

33.049 

"Atomic  Weight"  Iodine, 

0.33932 

28.0087 

33.018 

fused. 

0.40043 
0.67602 
0.49461 

33.0710 
47.6233 
40.8684 

33.035 
33.071 
33.051 

33.045 

33.030 

100.000 

Group   III,   Jan.    18,    1921, 

0.37134 

30.6151 

32.978 

Iodine  2.  resublimed  once 

0.46267 

38.1506 

32.983 

from   KI  and  once  alone; 

0.56278 

46.6171 

33.009 

ground     and     kept    over 

0.46183 

38.0386 

32.946 

32.973 

33.038 

100.024 

CaCl,. 

0.42732 
0.41060 
0.44523 

35.1963 
33.8484 
36.7008 

32.946 
32.975 
32.972 

Group  IV,  Feb.   16.    1921, 

0.54446 

44.9246 

33.005 

Iodine    2.     as     described 

0.62526 

43.3212 

32.991 

32.997 

33.039 

100.018 

above. 

0.46477 
0.46002 

38.3382 
37.9478 

32.996 
32.995 

Group  V,  April  20.    1921. 

0.49583 

40.9530 

33.038 

Iodine    2.     as     described 

0.49537 

40.9209 

33.043 

33.044 

33.036 

100.018 

above. 

0.51626 
0.46010 

42.6567 
38,0061 

33.051 
33.042 

Group  VI.   Feb.    17.     1921, 

0.26374 

21.7366 

32.968 

Iodine  3.  product  just  as 

0.36245 

29.9089 

33.008 

32.995 

33.036 

100.018 

received  from  store<room. 

0.34615 

28.5665 

33.009 

except  that  it  was  fused 

before  weighing. 

Group  VII.  Feb.  23.    1921, 

0.35231 

29.0509 

32.984 

Iodine  3.  as  above,  but  not 

0.40486 

33.4021 

33.002 

fused  before  weighing. 

0.38186 
0.43344 
0.41145 
0.468(39 

31.4888 
35.7709 
33.9214 
38.6702 

32.984 

33.011 

32.977 

.33.003 

32.994 

33.030 

100.000 
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0.39392 

32.5201 

33.022 

0.46061 

38.0158 

33.014 

0.38952 

32.1678 

33.033 

0.53442 

43.9867 

32.921 

0.40481 

33.3249 

32.929 

0.42985 

35.3811 

32.924 

0.42995 

35.4024 

32.936 

0.42324 

34.9834 

33.062 

0.50817 

41 .9983 

33.058 

0.54587 

45.1022 

33.050 

0.49967 

41 .2612 

33.031 

0.43242 

35.7428 

33.063 
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Group  VIII.  April  21,    1921.    0.45876  37.8893  33.036 

Iodine  3.  as  above,  but  not    0.56198  46.4199  33.041    33.041    33.032    100.006 

fused.  0.49452  40.8364  33.031 

0.50921  42.0799  33.055 

Group  IX.  March  17.    1921.    0.45363    37.3096    32.899 
Iodine  4.  recovered  from    0.28391    23.3198    32.854      32.877    32.889      99.57 
residues;  dried  over  CaCls 
for  one  week  but  not  sub- 
limed. 

Group  X.  March  22.    1921.    0.36848    30.4221    33.024 
Iodine  5,  same  as  No.  4.    0.39392    32.5^01    33.022    33.023    33.038    100.024 
excepting  that  it  was  sub- 
limed in  PjOi  apparatus. 

Group  XI,  Feb.   14.    1921. 
Iodine       6.  "Atomic    0.40481    33.3249    32.929    32.928    32.971      99.82 

Weight"  Iodine;  not  sub- 
limed but  kept  93  days 
over  HsS04. 

Group  Xn,   May  5.    1921. 
"Atomic   Weight"    Iodine 

after  7  hottrs  exposure  in    0.54587    45.1022    33.050    33.053    33.033    100.009 
current    of   air   saturated 
with  water  vapor. 

Discussion  of  Results. 

With  the  exception  of  Nos.  4  and  6,  the  specimens  of  iodine  examined 
agreed  within  0.02%  with  the  * 'atomic  weight**  iodine.  The  deviation 
from  the  "atomic  weight*'  iodine,  except  as  noted,  was  always  above 
100%,  which  would  seem  to  indicate  such  impurities  as  chlorine  and 
bromine.  This,  however,  is  unlikely,  since  the  unpurified  iodine.  No.  3, 
has  a  smaller  positive  error  than  the  others.  It  would  also  seem  from  the 
nature  of  its  preparation  that  Iodine  5  would  hardly  be  contaminated 
that  way.  The  cause  is  seemingly  in  a  systematic  error  that  has  escaped 
detection. 

Evidence  of  water  in  No.  4  is  f otmd  in  the  fact  that  it  rose  in  value  when 
put  through  the  phosphorus  pentoxide  drying  tower. 

The  low  value  of  No.  6  could  be  accounted  for  on  the  basis  of  a  statement 
by  Treadwell,*  that  iodine  takes  up  sulfuric  acid  when  dried  over  it. 
This  statement,  however,  can  hardly  be  accepted  in  the  light  of  evidence 
to  the  contrary  in  the  literature.  Baxter^  dried  some  of  his  atomic  weight 
iodine  over  sulfuric  acid  and  makes  no  mention  of  it  as  a  possible  impurity 
that  was  removed  in  the  subsequent  sublimation  of  the  iodine.  Meineke* 
reports  several  experiments  in  which  iodine  was  exposed  for  days  over 

•  Treadwell,  "Quantitative  Analysis,"  John  Wiley  and  Sons  Co..  3rd  Ed.,  p.  646. 
'  Baxter,  This  Journal,  32,  1594  (1910). 
•Meineke,  Ref.  3,  pp.  1126,  792. 
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sulfuric  acid  without  evidence  that  any  of  the  acid  was  taken  up  by  the 
iodine. 

It  is  the  belief  of  the  authors  that  Iodine  6  still  contained  water  in  spite 
of  its  long  exposure  over  sulfuric  acid.  An  inspection  of  Nos.  4  and  6 
shows  that  they  had  one  point  in  common,  namely,  distillation  from  water 
and  condensation  on  a  cold  surface  on  which  water  was  condensing  at  the 
same  time  in  contact  with  the  iodine.  This  condensation  in  the  wet  way 
was  the  last  purification  process,  except  the  drying  (?)  over  a  desiccating 
agent  to  which  Nos.  4  and  6  were  subjected.  No.  4,  undoubtedly  con- 
tained water  (see  above).  Lack  of  time  and  material  made  it  impossible 
to  test  No.  6  directly,  and  until  the  point  can  be  investigated  experiment- 
ally, the  hypothesis  is  offered  that  iodine  when  it  solidifies  in  the  presence 
of  liquid  water  entrains  some  of  the  water  in  a  way  that  withstands  months 
of  exposure  over  a  desiccating  agent.  The  complete  removal  of  water 
from  iodine  demands  dry  sublimation  in  the  presence  of  a  desiccating 
agent. 

Is  Iodine  Hygroscopic? — Meineke'  exposed  dry  iodine  for  5  days  to 
the  air  of  his  laboratory  and  reports  that  the  change  observed  could  be 
ascribed  to  experimental  errors.  Powdered  iodine  exposed  under  a  bell 
jar  with  a  dish  containing  water  took  up  0.09%  of  water  in  48  hours.  Iodine 
crystals  when  subjected  to  the  same  conditions  took  up  onlyO  .05%  of  water 
in  5  days.  An  exposure  of  10  days  over  sulfuric  acid  brought  these  last 
two  specimens  back  to  100.00%.  Meineke's  iodines  had  all  been  sublimed 
in  the  dry  way  and  therefore  the  situation  is  not  comparable  with  that  of 
No.  6,  above. 

In  this  investigation,  the  following  experiment  was  made  to  test  the 
hygroscopic  nature  of  iodine.  About  5  g.  of  the  "atomic  weight"  iodine 
was  spread  in  a  thin  layer  in  a  glass  tube  and  a  current  of  air  previously 
bubbled  through  water  was  passed  over  it  for  7  hours  at  the  rate  of  about 
9  liters  an  hour.  The  results  are  given  in  Group  XII,  of  the  table,  and  show 
that  if  any  water  was  taken  up,  the  amoimt  was  well  within  the  experi- 
mental errors.  This  experiment  and  those  by  Meineke  show  that  iodine 
is  not  hygroscopic  to  a  degree  that  would  aflFect  anal3rtical  work. 

A  Possible  Contribution  to  the  Data  of  Adsorption. — One  of  Meineke's 
experiments  shows  that  when  iodine  is  finely  divided  and  exposed  to  air 
saturated  with  water  vapor,  a  small  amount  of  water  is  taken  up.  It  is 
reasonable  to  suppose  that  this  water  is  adsorbed  on  the  surface  of  the  solid 
iodine,  and  the  question  then  arises  as  to  what  effect  the  relatively  high 
vapor  pressure  of  the  iodine  has  on  such  adsorption.  If  adsorption  is  a 
surface  phenomenon,  then  a  surface  like  that  of  an  iodine  crystal  which  is 
constantly  sending  ofiF  molecules  and  therefore  constantly  presenting  a 
fresh  surface  must  introduce  complications.  The  rate  of  adsorption  under 
•Ref.  3,  p.  1126. 
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such  conditions  would  be  slow  and  if  later  such  a  solid  were  placed  in  an 
atmosphere  free  from  water  vapor  the  portion  adsorbed  would  soon  be 
given  up  because  the  surface  holding  it  would  have. disappeared.  One 
would  therefore  expect  solids  with  high  vapor  pressures  to  be  slightly  or 
not  at  all  hygroscopic. 

The  Use  of  a  Rubber  Siofper  in  tiie  Titrating  Flask.— The  titrations  of  Group  VII 
were  made  in  a  flask  closed  with  a  rubber  stopper,  and  those  of  the  strictly  comparable 
Table  VIII  were  carried  out  in  the  all-glass  apparatus.  The  manipulation  was  the 
same  in  both  cases.  The  agreement  between  these  two  sets  of  results  is  almost  perfect, 
and  therefore  the  use  of  a  rubber  stopper  may  be  permitted  in  analytical  operations. 

Summary. 

Some  new  forms  of  apparatus  for  the  preparation  and  handling  of  pure 
iodine  are  described. 

Various  specimens  of  purified  iodine  were  compared  with  a  highly  purified 
iodine.  The  agreement  was  fotmd  to  be  dose;  0.024%  was  the  maximum 
deviation. 

Experiments  are  described  which  show  that  a  rubber  stopper  may  be 
used  for  closing  the  flask  in  which  iodine  is  titrated. 

The  usual  method,  as  given  in  text-books  of  analytical  chemistry, 
of  drying  iodine  by  exposing  it  in  a  desiccator  with  a  drying  agent,  is  ques- 
tioned if  the  iodine  had  previously  solidified  in  the  presence  of  liquid  water. 

The  hygroscopic  properties  of  iodine  are  discussed. 

A  suggestion  is  made  that  solids  like  iodine  that  have  a  meastu-able 
vapor  pressure  at  room  temperature  possess  peculiar  adsorptive  properties 
due  to  the  fact  that  a  fresh  surface  is  being  continually  exposed. 
CoLtTMBus,  Omo. 
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In  a  former  paper*  in  which  the  preparation,  properties  and  molecular 
volume  relationships  of  cobalt  chloride  and  sulfate  were  considered,  evi- 
dence was  presented  that  the  relative  volumes  of  anion  and  cation  in  sub- 
sidiary valence  compounds  were  of  great  importance  in  determining  sta- 
bility. Thus  a  theory,  derived  independently  but  amending  and  empha- 
sizing certain  of  the  findings  of  Ephraim  in  25  papers,'  was  outlined  for  the 
existence  of  cavities  in  the  space  lattice*  which  hold  the  subsidiary  groups 
and  result  from  the  packing  of  anion  and  cation  in  crystals.  These  cavities, 
it  was  pointed  out,  are  in  general  larger,  the  greater  the  difference  in  volume 
between  anion  and  cation,  as  judged  by  the  fact  that  ammines  are  increas- 
ingly more  stable  in  this  same  ratio  and  may  actually  contain  more  than  9 
groups.  It  was  further  shown  that  the  ammonia  and  water  groups  are 
compressed  to  the  extent  of  30  and  20%,  respectively,  of  the  liquid  volume* 
when  held  by  subsidiary  valence  forces  in  the  space  lattice  cavities  (40% 
for  ammonia  in  cobaltic-Bmmines),  and  that  in  consequence  there  is  ap- 
parent activation  as  shown  by  remarkable  catalytic  action  of  substances 
capable  of  forming  ammines  upon  the  preparation  of  ^-phenylenediamine 

*  This  paper  reports  chiefly  some  of  the  early  work  upon  the  general  subject  of 
Secondary  valence  by  the  senior  author  as  National  Research  PeUow,  but  includes 
some  experimental  work  upon  preparation  of  compounds  performed  at  Vanderbilt 
University,  during  1920-21  The  assistance  of  a  Du  Pont  Fellowship  held  by  H.  K. 
Buckner  during  that  time  is  gratefully  acknowledged. 

*  Clark,  Quick  and  Harkins,  Tms  Journal,  42,  2483  (1920). 
» Ephraim,  Ber„  45  to  54  (1913-21). 

^  The  existence  of  cavities  in  certain  types  of  space  lattices  has  been  completely 
confirmed  by  experiments,  as  yet  unpublished,  of  Dr.  Paul  Bridgman  of  Harvard 
University. 

*  Assuming  that  the  anhydrous  salt  which  serves  as  a  nucleus  has  essentially  the 
same  volume  before  and  after  NHt  and  HiO  are  bound.  As  a  matter  of  fact  the  NHt 
groups  bound  in  hexammines  at  25^  actually  occupy  only  Vuoo  the  volume  of  the 
same  weight  of  gaseous  ammonia  at  1  atm.  pressure  and  the  same  temperature.  Dis- 
regarding liquefaction,  the  secondary  valence  binding  force  might,  therefore,  be  roughly 
equivalent  to  1200  atmospheres  pressure. 
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from  p-dichloro-benzene  and  ammonia.  Finally,  a  comparison  was  made 
between  ammines  of  cobalt  salts  in  which  the  central  atom  has  2  valences. 
Although  tmder  ordinary  conditions,  in  keeping  with  the  Abegg-Bodl§nder 
rule,  the  cobaltic  ammines  are  more  stable  than  the  cobaltous  by  virtue  of 
the  larger  stray  field  of  the  atom  in  its  higher  valence,  the  greater  compres- 
aon  of  the  ammonia  groups  easily  explains  the  fact  that  heat  disrupts 
the  cobaltic-ammine  molecule,  while  it  has  no  effect  on  the  primary  valence 
forces  in  cobaltous-ammines,  serving  merely  to  permit  removal  of  the 
ammonia  groups  from  the  "cavities/* 

The  present  paper  is  concerned  chiefly  with  the  acctmiulation  of  further 
data  bearing  upon  the  ftmdamental  theoretical  points  already  presented,  and 
enabling  some  new  and  interesting  comparisons  to  be  made.    Most  of  the 
ammines  and  ammino-hydrates  to  be  described  are  entirely  new.  The  general 
methods  of  procedure  as  regards  precautions  in' preparation,  analysis  and 
determinations  to  the  highest  possible  degree  of  accuracy  of  the  specific 
gravities,  were  the  same  as  in  the  preceding  paper  of  this  series  on  cobalt 
chloride  and  sulfate.    Especial  attention  was  given  to  the  determination  of 
the  specific  gravities  of  ammines,  inasmuch  as  numerous  statements  are  to 
be  found  in    the  Uterature   that   it  is   impossible   to   carry   out   such 
exact  measurements  on  tmstable  compounds  when  evacuation  is  necessary 
to  remove  adsorbed  air.    In  an  extended  study,  the  numerical  results 
of  which  will  be  pubUshed  later,  it  was  foimd  that  by  proportioning  the 
evacuation  pressure,  to  which  the  pycnometer  containing  solid  and  liquid 
is  subjected,  to  the  stability  of  the  compound,  and  varying  the  time,  ad- 
sorbed gases  can  be  removed  without  sensible  loss  of  ammonia  chemically 
combined,  as  shown  by  subsequent  analysis.    The  temperature  was  of 
course  kept  as  low  as  the  freezing  point  of  the  liquid  used  would  permit, 
and  only  small  quantities  of  the  solid  in  a  thin  layer  used.    Thus  a  reduc- 
tion of  pressiu-e  to  50  mm.  at  the  freezing  point  of  benzene  easily  allows 
the  removal  of  adsorbed  gas  from  cobalt  ot  nickel  halide  hexammines 
which  have  a  vapor  pressure  of  ammonia  reaching  760  mm.  above  150°. 
Lower  ammines  are  handled  as  easily  as  stable  hydrates.    With  very 
unstable  ammines  such  as  lithium  chloride  tetrammine,  which  has  an 
atmospheric  vapor  pressure  of  ammonia  at  15°,  either  very  slight  inter- 
mittent suction  at  low  temperatures  may  be  used,  or  recourse  taken  to  the 
LeChatelier  method  of  introducing  a  small  smooth  crystal  into  a  small-bore 
graduated  tube  and  measuring  the  change  in  volume  of  the  contained 
liquid.    In  this  particular  case,  however,  accurate  work  is  simplified  by  the 
fact  that  the  ammine  is  partially  melted,  so  that  a  liquid  already  bathes  the 
crystals  and  evacuation  is  unnecessary.    Another  promising  method  where 
benzene  is  used  consists  in  sweeping  a  stream  of  its  vapor  over  the  soUd 
before  immersing  in  the  liquid.     A  surprisingly  complete  removal  of  ad- 
sorbed gases  is  possible.     In  all  cases  of  specific  gravities  reported  in  this 
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paper,  the  values  are  averages  of  several  determinations,  checked  by 
analysis  of  the  ammine  after  spontaneous  evaporation  of  the  benzene. 

In  studies  on  the  hydrates  and  ammines  of  cobaltous  fluoride,  chloride, 
bromide,  iodide,  nitrate,  carbonate  and  citrate  it  has  been  the  attempt  to 
follow  the  speed  with  which  dry  ammonia  gas  is  absorbed  by  the  anhydrous 
salt.  For  this  work  a  balance  was  adjusted  so  that  one  of  the  pans  swung 
by  a  fine  silk  thread  in  a  chamber  which  was  tight  except  for  the  small 
opening  through  which  the  thread  passed.  The  anhydrous  salt  was  placed 
upon  the  pan  in  the  chamber,  and  perfectly  dry  ammonia  conducted  in  a 
constant  stream  into  the  chamber.  The  speed  of  amutnonia  combination 
and  the  composition  of  the  ammine  could  then  be  definitely  followed  by 
adjusting  weights  upon  the  other  pan  of  the  balance.  Special  precautions 
were  taken  to  exclude  traces  of  moisture,  particularly  in  the  work  with 
cobalt  fluoride.  Soda  lime,  potassium  hydroxide  and  metallic  sodium  were 
kept  in  the  glass  vessel  enclosing  the  balance  pan,  and  the  stream  of  am- 
monia, dried  by  passing  through  towers  of  the  above  substances,  was 
kept  flowing  rapidly  enough  to  prevent  entrance  of  air  through  the  opening 
into  the  balance  case,  which  was  in  turn  kept  closed  and  dry. 

Experimental. 

Cobaltous  Fluoride  Trihydrate. — ^This  compound  was  prepared  by  the  action  of 
hydrofluoric  add  on  an  imported  cobaltous  carbonate.  Rapid  concentration  of  the 
solution  in  a  platinum  dish  on  the  water-bath  and  stirring  during  the  process  of  con- 
centration  caused  the  formation  of  small  crystals.  A  crust  which  adhered  tenaciously 
to  the  sides  of  the  dish  was  discarded.  The  rose-red  crystals  obtained  in  this  w^y  were 
washed  with  absolute  alcohol  and  ether  and  dried.  Owing  to  the  presence  of  sodium 
carbonate  in  the  cobaltous  carbonate  the  salt  contained  a  small  amount  of  sodium 
fluoride.  Considerable  difficulty  was  experienced  in  the  analysis  for  water,  as  the  salt  is 
completely  dehydrated  only  at  a  temperature  of  300^  in  a  stream  of  nitrogen.  Analjrsis 
for  cobalt  and  water  gave  the  following  results. 

Analyses,  Calc.  for  CoFj.3HjO:  Co,  39.05;  HiO,  35.79.  Foimd:  Co,  38.78 
(av.  4  detns.) ;  HsO,  35.64  (av.  5  detns.). 

The  specific  gravity  of  cobaltous  fluoride  trihydrate  is  2.583. 

No  reference  to  a  trihydrate  is  to  be  found  in  the  literature,  but  the 
corresponding  nickelous  fluoride  trihydrate  has  been  prepared. •  Cobaltous 
fluoride  dihydrate  and  a  hydrated  acid  salt^  have  been  prepared  and 
described.  Poulenc*  prepared  cobaltous  fluoride  in  the  anhydrous  con- 
dition by  heating  to  fusion  the  chloride  with  an  excess  of  ammonium 
fluoride,  forming  the  double  fluoride,  C0F2.2NH4F,  which  on  further  heat- 
ing in  an  atmosphere  of  an  inert  gas  yielded  the  anhydrous  salt  in  an 
amorphous  condition.  Several  attempts  to  prepare  the  anhydrous  salt 
by  this  method  were  without  success,  the  oxide  being  formed  instead. 

•  Clarke,  Am.  J.  Set.,  13,  291  (1877). 

7  Bohm,  Z.  anorg.  Chem.,  43,  326  (1905).  Edmister  and  Cooper,  Tms  Journal, 
42,  2419  (1920). 

•  Poulenc,  Compt.  rend,,  114,  1426  (1892). 
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Cobaltous  Fluoride  Hexammine. — ^This  ammine  was  prepared  for 
the  first  time,  by  passing  dry  ammonia  gas  over  the  anhydrous  salt  placed 
on  the  pan  of  a  balance  as  already  described. 

The  anhydrous  salt  darkens  within  a  few  minutes.  Forty  minutes  was  required 
for  the  salt  to  take  on  one  mole  of  ammonia  while  nearly  24  hours  was  required  to  take 
on  the  last  mole,  as  the  following  table  shows. 

Change  in  Composition  with  the  Time 


>urs 

Minutes 

Composition 

Hours 

Minutes 

Composition 

0 

0 

CoF,. 

5 

45 

CoF,.4NH, 

0 

40 

CoF,.NH, 

10 

9 

CoF,.5NH. 

1 

44 

CoF,.2NH, 

23 

55 

CoF,.6NH, 

3 

21 

CoF,.3NH, 

A  total  of  6.3  moles  of  ammonia  were  taken  on  by  the  anhydrous  salt,  the  excess  of 
ammonia  probably  being  either  absorbed  or  adsorbed  or  both.  On  standing  in  a  dilute 
atmosphere  of  ammonia  the  ammine  slowly  lost  ammonia. 

The  specific  gravity  determined  in  liquid  petrolatum  when  the  weight 
of  the  ammine  showed  it  to  contain  0.15%  imder  the  calculated  value  for 
NHj  in  C0F2.6NH3,  is  1.744.  At  25°  cobaltous  fluoride  hexammine  is  a 
dark  reddish-brown  liquid,  solidifying  when  cooled  in  an  ice-salt  freezing 
mixture.  It  is  easily  soluble  in  water  without  hydrolysis.  Upon  analysis 
absolutely  no  water  was  fotmd  present  in  the  liquid. 

It  is  of  interest  to  note  here  another  of  the  anomalies  in  the  chemical 
nature  of  fluorine  and  its  compotmds.  It  might  be  expected  that,  due  to 
the  strong  field  around  the  molecule  of  cobaltous  fluoride,  the  compotmd 
would  tend  to  take  on  ammonia  groups  with  greater  rapidity  than  cobaltous 
chloride,  but  in  fact  this  tendency  is  entirely  offset  by  the  greater  com- 
pression which  the  ammonia  groups  must  undergo  to  pack  themselves  into 
the  space  lattice  cavities,  so  great  being  the  compression  that  the  crystal 
structtu"e  is  completely  broken  down  at  ordinary  temperatures,  resulting 
in  the  liquid  ammine.  Anhydrous  cobaltous  chloride  is  changed  to  the 
hexammine  on  exposure  to  ammonia  gas  for  one  hour,*  while  nearly  24 
hours  is  required  to  change  the  fluoride  completely  to  a  hexammine  imder 
practically  the  same  conditions.  The  hexahydrate  of  cobaltous  fluoride  is 
not  known  to  exist.  It  is  not  surprising  then,  that  six  ammonia  groups 
occupying  a  greater  volume  than  six  water  groups  cannot  be  packed  into 
the  space  lattice  cavities  of  the  crystal  to  form  a  crystalline  ammine. 

Cobaltous  Fluoride  Tri-ammine. — The  equilibrium  product  resulting 
when  the  hexammine  is  allowed  to  stand  in  cool  dry  air  is  the  tri-ammine, 
light  pinkish-brown  in  color.  Two  samples  lost  practically  the  calculated 
amotmt  for  3  molecules  of  ammonia.  Nickel  fluoride  tri-ammine,  pure  steel- 
gray  in  color,  exactly  corresponds.  When  placed  in  a  vacuum  desiccator  over 
sulfuric  acid  at  40°  the  tri-ammine  loses  ammonia  continuously  imtil  the 
anhydrous  salt  remains.  The  hexammine  and  tri-ammine  are  therefore  the 
only  true  compoimds.    This  point  is  one  of  great  interest  inasmuch  as  all 
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the  other  halides  form  hexammines,   di-ammines  and  mono-ammines 
(except  that  there  is  no  iodide  mono-ammine). 

Cobaltous  Bromide  Hexahydrate. — ^This  compound  was  prepared  by  treating 
cobaltous  carbonate  with  hydrobromic  acid  of  sp.  gr.  1.49,  and  evaporating  on  a  water- 
bath  to  the  formation  of  a  deep  blue  solution.  The  concentrated  solution  thus  obtained 
when  cooled  in  ice-cold  water  yielded  purple-red  crystals  of  the  hexahydrate.  The 
purest  obtainable  cobaltous  carbonate  was  contaminated  by  soditun  carbonate  from 
which  it  could  not  be  freed  by  repeated  washing  with  water.  Boiling  water  hydrolyzes 
cobaltous  carbonate.  The  hexahydrate,  therefore,  contained  a  small  amount  of  cubes 
of  sodium  bromide  and  rhombic  prisms  of  the  dihydrate.  The  former  are  less  soluble 
and  the  latter  more  soluble  than  the  hexahydrate.  At  least  a  dozen  recrystallizations 
from  water  did  not  serve  to  free  the  salt  from  sodium  bromfde.  The  deliquescent  aystals 
were  dried  between  filter  papers. 

Analysis.    Calc.  for  CoBr,.6HjO:   Co,  18.04.    Found:   18.68. 

Anhydrous  Cobaltous  Bromide. — It  was  found  that  the  anhydrous  salt  can  be 
easily  prepared  by  very  carefully  heating  the  hydrated  salt  to  160**.  The  hexahydrate 
was  also  completely  dehydrated  by  allowing  to  stand  for  several  weeks  over  cone,  sulfuric 
acid,  yielding  the  green  cobaltous  bromide. 

In  addition  the  following  hydrates  have  been  described.* 

CoBrj.5.5HjO  rose-colored  CoBrs.2HsO  purple 

CoBrsSHaO  pink  CoBr.HjO  blue 

CoBr2.4HjO  reddish-violet  CoBr,.0.6HjO  (?) 

'  It  is  probable  that  the  hexahydrate  when  left  over  the  green  anhydrous  salt  until 
equilibrium  is  reached  changes  to  the  pink  pentahydrate,  for  a  pink  salt  obtained  in  this 
manner  after  several  weeks  standing  gave  the  following  analysis  for  cobalt. 

Analysis.    Calc.  for  CoBrj.SHjO:   Co,  19.19.    Found:    19.46. 

Various  ammino-hydrates,  one  corresponding  approximately  to  the  formula 
CoBrj.2NH8.7H2O  but  more  likely  a  mixture,  were  prepared  by  saturating  strong  am- 
monium hydroxide  with  cobalt  bromide,  adding  a  little  alcohol  and  allowing  the  solution 
to  evaporate  spontaneously  to  dryness. 

The  hexammine  has  been  prepared  by  exposing  the  anhydrous  bromide  to  dry 
ammonia  gas,^°  and  also  by  leading  ammonia  into  a  solution  of  the  salt  in  methyl  acetate. 
It  is  possible  that  its  preparation  can  be  effected  by  any  one  of  the  three  other  methods 
described  in  the  first  paper^  of  this  series. 

The  hexammine  loses  ammonia  on  heating,  changing  at  120°  to  a  blue  salt  of  the 
composition  CoBr2.2NHs.  The  a  and  /3  forms  of  the  di-ammine  have  been  prepared 
according  to  the  directions  of  Biltz  and  Fetkenheur,"  together  with  the  mono-ammine. 
An  interesting  new  method  for  the  preparation  of  the  mono-ammines  of  cobalt  chloride,  not 
described  in  the  former  paper,  and  cobalt  bromide  was  developed.  This  consisted  in 
heating  at  230°  in  a  closed  tube  an  intimate  mixture  of  the  corresponding  hexammine 
and  anhydrous  salt  in  calculated  proportions.  During  this  heating  a  very  distinct  color 
change  takes  place,  the  chloride  changing  to  a  blue-violet  and  the  bromide  to  a  blue,  and 
very  definite  mono-ammines  of  theoretical  composition  are  obtained.  In  the  case  of  co- 
baltous iodide,  however,  the  final  product  is  a  mixttu-e  of  the  di-ammine  and  anhydrous 
salt,  easily  distinguishable  under  the  microscope,  and  proving  the  non-existence  of  the 
mono-ammine  of  the  iodide. 

Cobaltous  Iodide  may  be  obtained  in  the  anhydrous  condition  as  a  black  metallic- 

»  Guareschi,  Atti  acad.  sci.  Torino,  48,  929  (1913). 
i»  Ephraim,  Z.  physik.  Chem.,  83,  196  (1916). 
"  Biltz  and  Fetkenheur,  Z.  anorg.  aUgem.  Chem.,  87,  97  (1918). 
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lookiiig  mass  by  heating  cobalt  in  a  current  of  iodine  vapor,  or  by  desiccation  of  the 
hydrated  salt  over  cone,  stdfuric  acid  in  vacuo.  ^'  It  is  most  readily  obtained  by  warming 
the  finely  divided  metal  with  water  and  iodine. 

The  hexahydrate  is  obtained  as  dark  red,  hexagonal  prisms,  by  evaporating  and 
then  strongly  cooling  the  aqueous  solution.  Ptu^er  concentration  yieids  the  nona- 
hydrate  which  oystallizes  in  red,  rhombic  plates,  which  lose  3  molecules  of  water  at 
fi.4*.**    The  tetrahydrate  and  the  dihydrate  are  green. 

The  hezammine^^  and  two  di-ammines'^  have  been  prepared. 

Cobaltons  Nitrate  Hexahydrate. — A  pure  commercial  product  was  used.  The 
ddiquescent  crystals  were  placed  in  a  desiccator  over  the  partly  dehydrated  salt  and 
left  until  equilibrium  was  established,  when  the  product  is  a  light  reddish-brown.  An 
analysis  for  cobalt  shows  the  pturity  of  the  salt. 

Analysis.    Calc.  for  Co(NO,),.6H,0:  Co,  20.26.    Found:  20.29. 
The  specific  gravity  in  toluene  was  1.8800;  in  liquid  petrolatum,  1.8854;  av.  1.883. 

Cobaltot^  Nitrate  Dihydrate. — This  was  obtained  by  allowing  the  hexahydrate  to 
stand  over  cone,  sulfuric  add  for  a  period  of  3  months.  .  An  analysis  for  cobalt  gave  the 
following  result. 

Analysis.    Calc.  for  Co(NO,),.2H,0:  Co,  26.92.    Found:  26.91. 
The  spedfic  gravity  in  liquid  petrolatum  was  2.397. 

Attempts  to  prepare  the  trihydrate  by  mdting  the  hexahydrate  and  keeping 
it  at  70-74  ^>*  were  unsuccessful,  and  instead  a  salt  giving  an  analysis  of  26.53%  for  cobalt 
was  obtained,  this  value  being  nearly  that  for  cobalt  in  the  dihydrate. 

Cobaltous  nitrate  has  been  obtained  in  the  anhydrous  condition  by  the  action  of 
mtric  anhydride  on  the  hydrated  salt.^* 

A  break  in  the  solubility  curve  of  the  salt  at  -22**  is  attributed  by  Funk"  to  the 
formation  of  a  nonahydrate. 

Cobaltous  Nitrate  Hexammine. — This  ammine  was  prepared  in  a  very  pure  state 
by  placing  a  small  quantity  of  the  hexahydrate  in  a  tube  which  could  be  heated  con- 
▼eniently  in  an  dectric  oven,  and  passing  a  rapid  current  of  dry  ammonia  over  it.  A  series 
of  cdor  changes  takes  place  due  to  the  formation  of  unstable  intermediate  compounds. 
The  salt  becomes  violet  at  first  contact  with  ammonia,  then  black,  and  finally  assumes 
the  original  color  of  the  hexahydrate.  The  last  traces  of  water  were  driven  out  only  by 
ahematdy  heating  to  40  ^  and  further  passing  of  ammonia.  Several  hours  were  required 
for  the  preparation.^^ 

The  perfectly  anhydrous  salt  is  stable,  but  in  the  presence  of  a  slight  amount  of 
moisture  it  gradually  darkens. 

The  mean  of  two  analjrses  for  cobalt  was  as  follows. 

Analyses.    Calc.  for  Co(NOi)s.6NHi:  Co,  20.68.    Found:  20.68. 

The  specific  gravity  in  liquid  petrolatum  is  1.473. 

An  unsuccessful  attempt  was  made  to  prepare  the  hexammine  by  placing  the 
hezahydrate  oh  a  balance  pan  swung  in  a  chamber  through  which  a  current  of  ammonia 
was  passed.  The  water  of  hydration  was  not  driven  out  after  a  period  of  several  days. 
A  black  intermediate  compound  was  formed  of  the  approximate  composition  Co(NOt)s.- 

»  Hartley*  J.  Chem.  Soc.,  27,  501  (1874). 
M  Bolsdiakoff*  J.  Russ.  Chem.  Soc.,  30,  386  (1898). 
^  Ei^iraim,  Ber..  46, 3742  (1915). 
»  Funk,  Z.  anorg.  Chem.,  20, 393  (1899). 
*  Guntz  and  Martin,  BM.  soc.  chem.,  5,  1004  (1909). 

"  Ei^iraim  and  Rosenberg,  Bet.,  51, 130  (1920),  state  that  the  hexammine  is  eadly 
prepared  in  this  way. 
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6NH|.dH20.  This  compound  was  immediately  hydrolyzed  by  water  with  efiFervescence. 
A  rose  colored  compotmd^'  of  this  formula  has  been  prepared  in  the  crystalline  state 
by  the  addition  of  ammonia  in  excess  to  a  solution  of  cobaltous  nitrate  in  the  absence  of 
air. 

A  similar  black  compotmd  was  prepared  by  putting  into  a  presstu-e  flask  a  saturated 
solution  of  cobalt  nitrate,  strong  ammonium  hydroxide  and  a  little  alcohol,  and  heating 
the  flask  for  an  hour  in  a  bath  of  boiling  water.  On  slowly  cooling,  the  compound  was 
deposited  in  the  form  of  dark  needles.  Red  needles  were  also  deposited  around  the  sides 
of  the  flask  on  longer  standing,  and  were  undoubtedly  the  aTStallinehexa-ammoniate  of 
Fremy.^^  They  became  darkened  at  first  contact  with  the  air.  The  dark  needles 
obtained  by  the  pressure  method,  when  cooled  to  0°  while  a  current  of  dry  ammonia  was 
passed  over  it,  yielded  a  compotmd  of  the  probable  formula  Co(NOa)s.6NHt.HsO. 

The  above  compounds  are  very  unstable.  Heated  on  the  blade  of  a  spatula  in  a 
flame,  they  decompose  with  violence,  leaving  the  black  oxide  of  cobalt. 

On  standing  for  2  months  at  20-25  **  in  an  open  vessel,  the  unstable  hexa-ammoniate 
lost  ammonia  and  water  and  gave  a  dark  green  compound  of  the  formula  Co(NOt)t.- 
SNHs.HsO.    Analyses  for  cobak  and  ammonia  gave  the  following  results. 

Analyses.  Calc.  for  Co(NO,)i.3NH,.HjO:  Co,  23.4;  NH,,  20.3.  Found:  Co. 
23.1;  NH,,  20.4. 

, Cobaltous  Carbonate. — ^An  imported  product  was  used.  The  sample,  containing  a 
small  amotmt  of  soditun  carbonate,  was  dried  for  1.5  hours  at  105-110°.  The  specific 
gravity  in  toluene  was  2.818. 

In  an  attempt  to  prepare  pure  anhydrous  cobaltous  carbonate,  a  saturated  solution 
of  the  chloride  was  shaken  in  a  pressure  flask  with  a  strong  solution  of  sodium  hydrogen 
carbonate.  The  stoppered  flask  was  allowed  to  stand  for  several  days,  and  the  salt  was 
then  washed  thoroughly  with  water.  An  analysis  for  water  showed  it  to  be  a  hydrate 
of  the  formula  3CoCOs.2H,0. 

Analysis.    Calc.  for  3CoCO,.2HjO :  H2O,  9.17.    Found:  9.19. 
A  crystalline  salt"  of  the  same  formula  has  been  prepared.    By  carrying  out  the  reaction 
at  low  temperatures  the  hexahydrate  is  formed  as  small  crystals.    At  a  temperature  of 
140°  the  anhydrous  salt  is  produced  as  a  bright  red  powder.  *° 

Cobaltous  Carbonate  Trl-ammine  Tetrahydrate. — ^Anhydrous  cobalt  carbonate  does 
not  take  on  ammonia  to  form  an  ammine  when  placed  in  an  atmosphere  of  the  gas.  al- 
though nickel  carbonate  does.  By  dissolving  the  salt  in  strong  ammonium  hydroxide 
and  spontaneously  evaporating  the  solution  in  vacuo,  a  dark  red  crystalline  compound 
was  prepared  of  probable  formula  CoCOt.3NHs.4HsO.  An  analysis  for  ammonia  gave 
the  following  result. 

Analyses.    Calc.  for  CoCO,.3NH,.4H,0:    H,0,  29.75;  NH,,  21.1.    Found:  H,0, 
30.0;  NH,  20.9. 
The  ammine  is  tmstable,  losing  ammonia  to  form  a  lighter  colored  compound. 

Cobaltous  Acid  Citrate  Dihydrate. — ^A  pure  commercial  product  was  used.  An 
analysis  showed  it  to  be  the  dihydrate  of  the  add  salt  in  which  the  cobalt  binds  2  dtrate 
groups. 

Analysis.    Calc.  for  Co(CeH707)r2H,0 :   Co,  12.36.    Found:    12.19. 
A  sample  dried  at  80-85°  in  a  current  of  air  for  24  hours  gave  as  the  specific  gravity 
of  the  anhydrous  salt  1.851  in  liquid  petrolatum. 

Cobaltous  Citrate  Tetrammine. — This  was  prepared  by  dissolving  cobalt  dtrate  in 

"  Fremy,  Ann.  chim.  phys.,  35, 257  (1852), 

w  H.  Deville,  ibid.,  35,  441  (1852). 

20  Betrand,  Jahrh.  Mitier.,  2,  ref.,  161  (1883). 
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Strang  ammonium  hydroxide  and  evaporating  spontaneously  in  vacuo. 
stable  crystalline  ammine  was  produced,  of  the  formula 

CH,COOH.H,N 

I 

C(OH)COOH.H,N 


A  pink  and  very 


CH,C( 
CH,CO< 


OCX     ^ 


C(OH)COOH.H,N 
I 
CH,COOH.H,N. 

It  will  be  seen  that  this  compound  differs  from  the  other  ammines  described  in  this  paper 
in  that  the  ammonia  groups  have  attached  themselves  to  the  carboxyl  groups  and 
therefore  do  not  surround  the  cobalt  atom. 

Analyses  for  cobalt  and  ammonia  are  as  follows. 

Analyses,  Calc  for  Co(C#H707)».4NH,:  Co,  11.62;  NH,,  13.38.  Found:  Co, 
11.32;  NHi,  13.60. 

The  specific  gravity  in  liquid  petrolatum  was  1.686. 

It  is  quite  apparent  that  in  cobalt  citrate  there  should  be  a  larger  difference  be- 
tween the  volumes  of  the  cation  and  anion  than  in  the  halides,  and  that  this  should 
enable  combination  with  6  or  even  more  ammonia  groups.'^  The  citrate  does  form  a 
tetrammine  of  great  stability  but  no  hexammine.  However  this  is  the  case  of  an  acid 
salt  in  which  there  are  still  present  4  hydrogen  atoms  in  4  carboxyl  groups  which  are 
coordinate  with  and  protect  the  cobalt  atom  from  the  exercise  of  its  usual  secondary 


Table  I 


Apparent  voluine  of 


Sabrtance 

Density 

Molecular  vol. 

subsidiary  group 

Contraction 

% 

KP 

23.4 

69.2 

KCl 

37.62 

46.0 

KBr 

43.30 

40.2 

KI 

4.22 

63.16 

33.3 

CoF, 

4.43 

23.6 

27.6 

CoCli 

3.356 

38.70 

26.86 

CoBrs 

4.91 

44.79 

26.3 

Cols 

6.68 

65.04 

27.3 

CoFf.6NH, 

1.744 

114.2 

NH,i  15.4 

40.8 

Coai.6NH, 

1.497 

164.01 

19.33 

26.3 

CoBrs.6NHa 

1.955 

164.07 

19.89 

23.7 

CoI,.6NHt 

2.36 

174.6 

20.10 

22.1 

Coai.6H,0 

1.924 

123.69 

H,0:    14.165 

15.9 

CoBrs.6HsO 

2.46 

132.69 

14.65 

18.68 

CoI,,6H/> 

2.90 

146.06 

16.01 

11.2 

Co(NO,)s.6H,0 

1.883 

164.61 

Co(NQi)s.6NH« 

1.473 

193.49 

Co(NQOi 

2.49  (calc.) 

73.6  (rale.) 

*^  One  of  the  authors  has  just  prepared  for  the  first  time  the  compounds  [Co- 
(NH,),l,[Co(NO.)il.  and  [CoCNHOs]  [Co(NO,)4(NH,),],,  verifymg  Ephraim's  experi- 
mental work  showing  that  with  anions  of  very  large  volume,  octammines  may  be  formed. 
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valence  forces.  There  are  several  facts  which  point  to  the  condusioa  that  in  the  tetram- 
mine  the  ammonia  groups  instead  of  being  held  by  the  cobalt  atom  are  actually  combined 
with  the  4  carboxyl  groups  in  which  the  hydrogen  atoms  have  not  been  replaced  by 
metal :  (1)  the  great  stability  of  the  ammine ;  (2)  the  impossibility  of  removing  ammonia 
by  heat  without  complete  decomposition  of  the  compound;  (3)  the  absolute  absence  <^ 
hydroljrsis  when  water  is  added,  as  contrasted  with  the  very  rapid  hydrolyBis  usual  for 
the  amumines;  (4)  the  inability  of  dry  ammonia  to  act  upon  the  citrate,  and  the  con- 
sequent preparation  by  the  spontaneous  evaporation  of  the  solution  in  strong  ammoninm 
hydroxide;  and  (5)  the  much  larger  contraction  of  the  ammonia  groups  (the  volume  of 
each  is  only  16)  than  is  the  case  when  they  do  not  enter  into  the  formation  of  ammonium 
ions. 

Discussion. 
In  considering  the  relationships  between  the  cobalt  compounds  dis- 
cussed in  this  and  the  preceding  paper'  the  most  interesting  possibilities 

obviously  are  to  be  found  in  the  4  co- 
baltous  halides  and  their  hydrates  and 
ammines.  The  comparison  is  simplified 
inasmuch  as  with  a  constant  metal 
cation  are  combined  4  anionic  atoms 
which  are  as  nearly  perfectly  graduated 
as  possible  from  fluoride  to  iodide  with 
respect  to  atomic  volume  and  chemical 
activity  or  stray  field  of  similar  type. 
This  is  very  beautifully  shown  in  Fig.  1, 
in  which  the  molecular  volumes  of  the 
4  potassium  halides  are  plotted  against 
those  of  the  corresponding  anhydrous 
cobalt  halides.  A  perfectly  straight  line 
is  the  result — a  constant  relation  between  the  halogen  atoms  in  com* 
pounds  which  could  scarcely  be  anticipated.  This  method,  while  in  a 
general  way  related  to  some  suggestions  by  Fajans  and  Grimm,''  offers 
splendid  possibilities  for  the  study  of  the  halides  of  all  metals,"  allows 
the  determination  of  molecular  volumes  and  specific  gravities  once  the 
slope  of  the  line  is  established  by  known  values  for  two  of  the  halides 
of  any  partictdar  metal,  affords  a  check  upon  data  on  densities,  is  at  once 
a  criterion  for  the  appearance  of  any  secondary  and  abnormal  effects 
peculiar  to  a  metal  and  its  combination  with  any  one  of  the  halo- 
**  Fajans  and  Grimm,  Z.  Physik,  2, 299  (1920). 

**  Since  this  paper  was  written  in  original  form  a  paper  by  Biltz,  Z.  cmorg.  allgetn. 
Chem.,  115, 241  (1921),  has  been  discovered  which  extends  the  same  procedure  to  a  large 
nmnber  of  halides  besides  those  of  cobalt  and  to  organic  derivatives,  fully  confirming 
the  linearity  of  halogen  properties.  In  our  own  work  the  molecular  volumes  <^  the 
potassium  halides  were  used  because  of  the  tmdoubted  accuracy  of  the  data  on  densities. 
However  by  usin^  the  densities  and  atomic  volumes  of  the  halogens  found  in  Table  II, 
the  molecular  vc4tlmes  of  the  cobalt  halides  are  fotmd  to  be  again  linear,  showing  that 
parallel  relationships  are  maintained  by  the  halogens  free  and  i<»iic. 


Fig.  1. 
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gens,  and  suggests  immediately  a  study  of  other  periodic  group  fami- 
lies, both  metals  and  non-metals.  In  Pig.  2  the  molecular  volumes  of 
the  anhydrous  cobalt  halides  are  plotted  as  abscissas,  those  of  the  sub- 
sidiary valence  compounds  as 
ordinates.  Curve  a  is  for  the  4 
hexammines,  and  Curve  6  for  f^g^ 
the  hexahy  di^tes  of  the  chloride, 
bromide  and  iodide,  the  corre-  '^- 
sponding  fluoride  hexahydrate 
being  unknown.  The  curvilin- 
ear nature  of  both  a  and  6  is  at  ^^^ 
onoe  an  experimental  confirma- 
tion of  the  theory  that  although  /zo- 
the  nuclei  (anhydrous  halides) 
are  in  the  rectilinear  relationship 
shown  in  Fig.  1,  and  although 
the  number  of  subsidiary  groups 
present  is  the  same,  the  following  effects  run  parallel :  the  greater  ike  difference 
in  volume  between  cationic  metal  and  anionic  non-metal,  tiie  larger  the  camties 
in  the  space  lattice,  the  more  stable  the  subsidiary  valence  compound  and  the 
smaller  the  contraction  undergone  by  molecular  groups  held  in  the  cavities. 
Thus  with  the  4  cobalt  halides  the  atomic  volumes  involved  are  shown  in 
Table  11. 

Table  II 
Atomic  Volumbs  of  Cobai,t  Hai«id9s 

Cobalt  6.77  At  boOing  points  At  T  -  0  •« 

Fluorine 12.14  8.85 

Chlorine 22.71  16.20 

Bromine 27.04  19.20 

Iodine 34.42  24.33 

It  is  obvious  that  the  scale  of  stability  with  respect  to  subsidiary  valence 
unions  should  increase  with  increase  in  atomic  weight  of  the  halogens. - 
Thus  cobalt  iodide  easily  forms  a  nonahydrate"  below  6.4**  while  cobalt 
fluoride  caimot  even  form  a  hexahydrate.  The  relative  stabilities  of  the 
hexammines  of  the  iodide,  bromide  and  chloride  have  been  studied  by  £ph- 
raim^  by  determining  the  dissociation  temperature  at  a  definite  pressure. 
For  an  ammonia  pressure  of  760  mm.  he  found  respectively  471.5,  451  and 
414.5  °  A.  The  hexammine  of  the  fluoride  has  not  been  prepared  or  studied 
prior  to  the  work  of  this  paper.  Rough  measurements  have  indicated 
however  that  the  dissociation  temperature  at  760  mm.  is  not  only  lower 
than  that  of  cobalt  chloride  but  falls  below  300''  C.    The  graduation  in 

•*  Landolt-Bomstein,  "Tables." 

"  Herz,  Z.  anorg,  aUgem.  Chem.,  105, 171  (1918). 

»  Ephzaim,  Ber.,  45, 1332  (1912);  Z,  physik,  Chem.,  81,  613  (1913);  83,  196  (1915). 
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stability  of  the  hexammines  from  the  fluoride  to  the  iodide  is  therefore 
clearly  marked.  In  comiection  with  this  discussion  of  the  effects  of 
difference  in  volume  between  cation  and  anion  it  is  interesting  to  note 
what  may  be  the  effect  of  substituting  for  cobalt,  metals  of  both  smaller 
and  greater  atomic  volumes.  Thus  if  the  h)rpothesis  is  correct  the  nickel 
halide  hexammines  should  all  be  more  stable  than  the  corresponding  cobalt 
salts,  though  graduated  from  fluoride  to  iodide  in  the  same  way,  since  the 
atomic  volume  of  nickel  is  smaller  than  that  of  cobalt,  and  the  manganese 
compounds  are  less  stable.  This  is  clearly  shown  by  Table  III  adapted  from 
Ephraim's  measurements.  As  a  matter  of  fact  the  hexammines  of  nickel 
chloride,  cobalt  bromide  and  manganese  iodide  have  practically  the  same 
stability,  so  that  in  case  of  these  particular  cations  there  is  exact  com- 
pensation by  the  halogen  anions. 

.Tablb  III 

Epfsct  of  DiffbrBncs  in  Volumb  bbtwbbn  Cation  and  Anion  on  Stabii^ity  op 

Subsidiary  Vai«bnce  Compoxtnds,  Shown  by  Dbcomposition  Tbmpbraturbs 

Ni  Co  Mn 

(Atomic  Volume) 6.69  6.77                 7.43 

Iodide  Hexammine 608.5  471.6  448.6 

Bromide  Hexammine 482  461  406 

Chloride  Hexammine 449 . 6  414.6  364 . 6 

In  this  case  the  metallic  atoms  are  quite  comparable  in  volume  and  pos- 
sess the  same  ionic  charge.  With  other  metals  whose  atomic  volumes  are 
greater,  or  the  charge  greater  or  less,  than  2,  it  is  fotmd  that  the  maximum 
number  of  ammonia  groups  which  can  combine  varies  within  wide  limits. 
In  Table  IV  these  numbers  are  listed  as  experimentally  determined  at  the 
present  time. 

TablbIV 
Maximum  Numbbr  of  NHi  Groups  Combining  with  Mbtaluc  HALmss. 
20.  Cett.  AU+++  (23?). 
18.  Thtt. 

12.  Sm+++  Nd+++  Fe+++. 
9.  A1+++. 
8.  Ca "*'"*'  Sr"*""*" 
6.  Be++'  Ni++  Co++,  Fe++  Cu++  Mn++  Zn++  Cd++  Mg++  Pt++  Cr+++ 

CO+++  Sitt.  Sbtt+.  La ■»"»■+  metaUic  Ca,  Sr  and  Ba. 
4.  U+.  Ba++  Pb++  Tett,  Sn++  Sntt. 
3.  T1+++  Ag+  Cu+  AS+++  Bi+++  ln+++  NH4+.  T1+ 
2.  Au+    Sb++:^. 
0.  Na*,  K+  Rb+  Cs+.  Ce++. 

A  cursory  examination  of  this  table  shows  at  once  that  the  numbers 
above  6  are  generally  associated  with  valence  higher  than  2,  and  hence 
large  stray  field,  that  6  is  associated  with  atomic  volumes  less  than  14, 
and  less  than  6  groups  with  atomic  volumes  greater  than  14,  culminating 
in  the  entire  absence  of  ammine  formation  with  the  large  alkali  metal 
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atoms.  This  is  of  course  true  only  for  cationic  complexes,  for  with  anionic 
complexes  such  as  the  polyhalides  exactly  the  opposite  rule  is  true  and 
cesium  tri-iodide,  for  example,  is  the  most  stable.  Nickel  iodide  will  not 
combine  with  iodine,  but  tetrammine  ndckel  iodide  will  because  the  cation  is 
large  by  virtue  of  the  4  ammonia  groups. 

From  a  fmlher  examination  of  Fig.  2  it  is  at  once  apparent  that  the  am- 
monia groups  in  the  ^exammines  are  more  compressible  than  the  water 
groups  in  the  hexahydrates  as  shown  by  the  greater  variation  in  the  free 
space  occupied  by  them.  Table  I  gives  the  apparent  volume  occupied  by 
each  ammonia  molecule  in  the  hexammines:  20.10  in  the  iodide,  19.89  in 
the  bromide,  19.33  in  the  chloride  and  only  15.4  in  the  fluoride — a  remark- 
able larger  contraction.  This  seems  to  be  evidence  that  the  eflFect  of 
the  fluorine  atoms  upon  the  secondary  valence  forces  of  the  cobalt  atom  or 
upon  each  other  is  anomalous,  although  the  primary  valence  union  with 
the  cobalt  atom  is  entirely  regular,  at  least  from  a  molecular  volume  point 
of  view.  This  is  of  course  entirely  possible  and  in  keeping  with  the  larger 
number  of  features  of  the  chemistry  of  fluorine  and  its  compoimds  which 
differentiate  it  from  the  other  halogens.  The  interesting  feature  of  cobal- 
tous  fluoride  hexammine,  however,  lies  in  the  fact  that  it  is  a  liquid  at  the 
temperature  at  which  all  comparisons  are  made.*^  The  crystal  structure 
has  been  entirely  broken  down,  and  it  is  entirely  reasonable  that  in  the 
liquid  an  unstable  ammine  may  exist  with  the  ammonia  groups  under 
considerably  greater  compression  than  is  usually  found  in  space  lattice 
cavities.  It  should  be  noted,  however,  that  in  the  case  of  cobaltous  chloride 
decammine  discussed  in  the  first  paper  of  this  series,*  a  still  larger  con- 
traction of  the  ammonia  groups  is  apparent.  In  all  of  the  new  compounds 
discussed  in  the  present  paper,  calculations  from  the  densities  indicate 
that  the  average  compressions  of  30%  over  the  free  volume  of  ammonia 
as  a  liquid  and  20%  over  the  free  volume  of  water  are  maintained,  with  the 
contraction  inversely  proportional  to  the  difference  in  volume  between  acid 
group  and  cobalt.  As  indicated  above,  the  volumes  of  the  subsidiary  groups 
are  of  course  important  in  comparing  the  stabilities.  It  wopld  be  expected 
that  an  increase  in  volume  of  the  molecular  group  would  be  accompanied 
by  a  decrease  of  residual  valence  affinity,  greatest  with  the  fluoride  and 
least  with  the  iodide.  This  might  be  shown  by  successive  methylation  of 
the  ammonia.  Ephraim*'  and  Bonnefoi*'  have  prepared  many  of  these 
compounds  and  the  results  without  exception  verify  the  above  statement. 
Thus  CoIj.(NHjCH,)6  is  less  stable  than  C0I2.6NH8,  but  there  is  an  in- 
creasingly greater  effect  in  reducing  stability  in  passing  to  the  chloride,  the 

^  Lithium  ammines,  which  act  similarly  and  are  particularly  interesting  because 
of  atomic  simplicity,  will  be  considered  in  detail  in  the  next  paper  of  this  series. 
»  Ephxafan,  Ber,.  46,  3742  (1913). 
«•  Bomiefoi,  Aim.  Mm.,   [71  23, 353  (1881). 


Digitized  by  LjOOQ IC 


242  G80RG9  L.  CLASK  AND  HENRY  K.  BUCKN^R* 

cavities  in  the  space  lattice  of  which  are  necessarily  smaller  than  in  the  case 
of  the  iodide. 

Ephraim  has  made  the  statement  that  metals  with  atomic  volumes  less 
than  14  can  form  hexammines.  It  is  dear  from  all  work  on  the  subject 
however  that  the  strength  of  secondary  valence  forces  as  judged  by  the 
number  of  groups  bound  and  the  stability,  runs  as  a  parallel  phenomenon 
to  the  following  properties:  (1)  with  constant  molecular  group  and  anion 
to  decreasing  atomic  volume,  ionic  radius,  and  percentage  of  total  volume 
occupied  by  the  cation ;  (2)  with  constant  molecular  group,  anion  and  cation 
to  higher  valence,  and  hence  stray  field,  of  the  cation;  (3)  with  constant 
molecular  group  and  cation  to  increasing  atomic  or  radical  volume,  ionic 
radius  and  percentage  of  total  volume  occupied  by  the  anion;  (4)  hence  to 
increasing  difference  in  volume  between  anion  and  cation;  and  (5)  with 
constant  anion  and  cation  to  decreasing  volume  of  the  ammine  molecule 
and  to  increasing  values  of  the  entropy-like  ratio  of  critical  pressure  to 
critical  temperature. 

Graphically,  the  relationships  of  stability,  heats  of  dissociation  and 
molecular  volumes  of  ammines  and  hydrates  are  not  linear  to  the  molecular 
volumes  of  the  anhydrous  salts  or  to  the  atomic  volumes  of  the  halogens 
if  halides  are  being  considered.  There  is,  however,  one  property  the  im- 
portance of  which  in  a  study  of  secondary  valence  has  been  recognized  for 
the  first  time  in  the  work  of  this  paper.  When  the  percentage  contraction 
undergone  by  an  anhydrous  salt  and  a  secondary  valence  molecular  group 
in  forming  a  complex  is  plotted  against  the  stability  of  that  complex 
represented  by  the  absolute  temperature  at  which  the  vapor  pressure 
reaches  a  given  value,  the  graph  is  a  straight  line.  This  remarkable 
parallelism  between  stability  and  percentage  contraction  shows  that  they 
are  determined  by  precisely  the  same  influences.  That  the  one  is  not  deter- 
mined absolutely  by  the  other  is  shown  by  the  fact  that  anions  or  cations 
must  be  closely  related  in  order  to  fall  on  the  same  straight  line.  The 
percentage  contractions  of  the  cobalt  halide  complexes  are  given  in  the  last 
column  of  Table  I.  That  the  linearity  is  not  a  chance  one  has  been  verified 
by  studies  so  far  of  nickel,  cadmium,  copper,  silver  and  lithium  ammines,  all 
of  which  give  the  same  relationship.  The  same  is  true  to  an  even  greater 
extent  for  such  anionic  complexes  as  the  polyhalides  of  potassium,  rubidium 
and  cesium,  where,  because  of  the  fact  that  cations  and  anions  are  members 
of  two  families  of  elements  uniformly  related  to  the  atoms  of  the  rare  gases 
of  the  atmosphere,  all  of  the  complexes  so  far  studied  lie  on  the  same  per- 
centage contraction  curve.  Thus,  the  compounds  KI.Ij  and  RbBr.l2, 
which  have  the  same  stability,  also  have  the  same  percentage  contraction, 
1.6%,  which  illustrates  the  relatively  small  contraction  of  anionic  com- 
plexes. These  compounds  are  of  particular  interest  inasmuch  as  the  space 
lattice  distances  for  the  alkaline  halides  are  known.    In  the  case  of  the  two 
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compounds  just  mentioned  it  is  dear  that  by  starting  with  Rbl.Is  and 
proceeding  to  KI.Ii  and  RbBr.I}  of  equal  stability  the  same  effect  is  pro- 
duced hy  changing  rubidium  to  potassium  ion,  and  iodide  to  bromide  ion. 
As  a  matter  of  fact  the  difference  between  the  ionic  radii  in  the  two  cases  is 
exactly  the  same.  The  specific  data  on  these  compotmds  will  be  reserved 
for  a  later  paper.  It  should  be  observed,  that  the  property  of  absolute 
percentage  contraction  is  a  much  more  rigorous  one  than  the  calculation 
of  the  apparent  volume  occupied  by  the  secondary  valence  groups,  even 
though  interesting  relative  effects  are  possible  by  consideration  of  the  latter. 
Thus,  it  has  just  been  discovered  that  the  ratio  of  the  apparent  volume  of 
ammonia  in  lithimn  halide  ammines  to  the  distance  in  Angstrom  units 
between  the  oppositely  charged  ions  in  the  anhydrous  salts  is  constant. 

Finally  it  may  be  noted  that  sufficient  knowledge  of  the  molecular  vol- 
umes of  ammonia  and  water  has  now  been  obtained  so  that  it  is  possible 
to  calculate  with  a  fair  approximation  the  molecular  volumes  and  densities 
of  substances  particularly  anhydrous  which  arie  very  difficult  to  prepare. 
Cobalt  nitrate  may  be  taken  as  an  example.  An  examination  of  the 
position  in  the  stability  table  of  the  hexammine  of  cobalt  nitrate  im- 
mediately leads  to  assigning  it  a  volume  of  about  20  to  each  ammonia 
group  or  120  for  all  six.  Subtracting  this  from  the  molecular  volume  of  the 
hexammine  leaves  73.5  as  the  molecular  volume  of  the  anhydrous  salt. 
Using  this  value  and  subtracting  from  the  molecular  volume  of  the  hexa- 
hydrate  leaves  81.2  or  13.5  for  each  water  group,  which  is  in  very  fair 
agreement  with  the  average  volume  in  hexahydrates.  It  is  only  by  such 
a  method  of  approximation  that  compotmds  containing  both  ammonia 
and  water  groups  may  be  studied. 

Summary. 

1.  Further  evidence  has  been  presented  bearing  upon  the  theory  pre- 
viously outlined  of  the  existence  of  "cavities"  in  the  space  lattice  of  solids, 
which  may  hold  secondary  valence  groups,  the  sizes  of  the  cavities  depend- 
ing upon  the  relative  volumes  of  cation  and  anion  and  varying  in  a  parallel 
fashion  with  the  stability  of  secondary  valence  compounds.  Particular 
attention  has  been  given  to  the  preparation,  properties  and  relationships 
of  all  the  cobalt  halides.  Several  new  compotmds  are  reported,  of  chief 
importance. among  which  are  the  hex-  and  tri-ammine  and  trihydrate  of 
cobalt  fluoride  and  the  tetrammine  of  cobalt  citrate. 

2.  Brief  and  preliminary  consideration  has  been  given  to  the  methods 
of  determining  the  specific  gravities  of  unstable  compotmds  decomposed 
by  evacuation. 

3.  A  new  method  for  the  ordinarily  diffictdt  preparation  of  mono- 
ammines  is  axmotmced. 

4.  The  constant  relationship  of  physical  properties  among  the  halogens, 


Digitized  by  VjOOQ IC 


244  CHARLES  LAU>R  BURDICK. 

free  and  combined,  is  shown  by  the  linearity  of  the  molecular  volumes  of  the 
cobalt  halides,  as  well  as  those  of  numerous  other  metal  halides,  when 
plotted  against  the  atomic  volumes  of  the  halogens  at  the  boiliflg  point. 
Such  linearity  is  not  maintained  after  the  formation  of  ammines  or  hy- 
drates. 

5.  Analysis  is  given  of  5  factors  which  parallel  and  perhaps  partly 
determine  secondary  valence  strength. 

6.  The  great  importance  of  percentage  contraction  in  the  formation 
of  hydrates,  ammines  and  polyhalides  is  shown  by  straight  line  proportion- 
ality to  stability. 

7.  The  theoretical  approximate  calculation  of  molecular  volumes  and 
specific  gravities  of  compoimfls  very  difficult  to  prepare  is  briefly  outlined. 

CracAGO,  Illinois, 
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Introduction. 

In  a  previous  article^  it  has  been  shown  that  the  chief  reactions  occurring 
during  the  absorption  of  the  oxides  of  nitrogen  to  form  nitric  acid  in  aque- 
ous solution  are  the  following 

3NO,  +  H,0  =2HN0,  +  NO  (1) 

2NO+0,=2NO,.  (2) 

Reaction  1 ,  the  reaction  of  nitrogen  peroxide  with  dilute  aqueous  nitric 
acid  is  a  very  rapid  reaction  when  .carried  out  under  conditions  of  efficient 
washing  action  of  the  gas  by  the  liquid.  It  is  a  reaction  which  does  not, 
however,  proceed  to  completion,  being  halted  at  an  equilibrium  condi- 
tion, which  in  the  case  of  nitric  acid  of  fair  concentration,  is  far  short  of 
complete  conversion  of  the  nitrogen  peroxide.  The  presence  of  nitric  oxide 
above  a  certain  equilibrium  concentration  will  prevent  the  reaction  of 
absorption  from  proceeding  at  all,  and  only  as  this  nitric  oxide  is  re-oxidized 
and  removed  by  the  excess  oxygen  in  the  gases  (according  to  Reaction  2) 
can  the  process  of  absorption  go  on. 

Reaction  2,  the  re-oxidation  of  the  nitric  oxide  liberated  during  the  ab- 
sorption process  is  a  slow  reaction.  Since  the  reactions  of  absorption  and 
oxidation  (1  and  2)  progress  simultaneously,  and  are  really  mutually  inter- 
dependent, it  is  evident  that,  should  it  be  found  possible  by  some  means  to 
cause  an  acceleration  in  the  rate  of  the  oxidation  reaction,  the  retarding 
^  Burdick  and  Freed,  This  Journal,  43, 518  (1021). 
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influence  of  equilibrium  eflFects  on  the  absorption  reaction  would  cease  to  be 
so  great  a  factor. 

The  relatively  large  time  required  by  the  oxidation  process  suggests  at 
once  that  it  may  be  feasible  to  cause  the  processes  of  absorption  and  oxida- 
tion to  proceed  separately.  Since  the  absorption  reaction  is  rapid,  this 
can  be  accomplished  in  small  units.  Interposed  between  the  small  ab- 
sorption units  would  be  reaction  chambers  to  serve  as  intermediate  oxidiz- 
ing chambers  to  secure  complete  re-oxidation  of  the  liberated  nitric  oxide. 
With  the  aid  of  a  material  which  catalyzes  or  accelerates  the  rate  of  the 
oxidation  of  nitric  oxide  to  nitrogen  peroxide  it  would  be  possible  to  reduce 
very  materially  the  time  of  the  oxidizing  period  and,  therefore,  the  size  of 
these  reaction  chambers.  The  following  experiments  were  designed  to 
determine  the  properties  of  the  substances  which  it  was  anticipated  might 
have  a  catalytic  influence  upon  the  reaction  of  oxidation. 


Description  of  the  Experiments. 

1.  Experimental  Apparatus  for  the  Study  of  the  Possible  Catalysis  of 
Oxidation  and  Absorption  Reactions  Simultaneously. — The  experiments 
were  an  attempt  to  find  some  contact  material  which  when  wet  with  acid 
would  catalyze  the  oxidation  reaction.  The  material  should  supposedly 
either  be  of  a  highly  absorptive  character  or  should  form  unstable  additive 
compotmds  with  the  nitrous  gases,  or  should  be  readily  reduced  by  the  nitric 
oxide  present  in  the  gas  and  as  readily  re-oxidized  by  the  excess  oxygen. 


Fig.  1. 
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The  apparatus  for  these  experiments  consisted  essentially  of  a  miniature  absorption 
tower  made  completely  of  glass  and  filled  with  packing  material  crushed  to  4-6  mesh. 
The  gas  current  entered  from  the  bottom  and  the  nitric  acid  was  circulated  by  means  of 
a  glass  acid  pump.  The  apparatus  was  essentially  that  of  Pig.  1,  with  the  catalyzer 
chamber  replaced  by  the  small  absorption  tower.  Nitrogen  peroxide  from 
the  storage  reservoir  and  air  were  metered  by  flow  gages  and  were  mixed  in 
a  chamber.  The  gas  was  then  passed  in  at  the  bottom  of  the  tower  and  emerged 
into  the  alkali  absorption  train.  A  slow  stream  of  nitric  acid  flowed  continuously  from 
the  storage  reservoir  down  over  the  contact  material  in  the  tower  and  out  into  a 
ower  storage  reservoir.  From  this  reservoir  it  was  again  raised  by  the  action  of  a 
glass  pump  to  the  upper  reservoir.  Since  the  quantity  of  acid  used  was  alwairs  large 
relative  to  the  quantity  of  nitrogen  peroxide  there  was  no  appreciable  change  in  the 
concentration  of  the  acid. 

From  the  analjrsis  of  the  emerging  gases,  the  percentage  of  the  entering  nitrogen 
peroxide  which  had  been  absorbed  was  computed,  and  the  relative  efficiency  of  the  con- 
tact material  determined. 

The  entering  gas  mixture  contained  3%  of  nitrogen  peroxide  and  19%  of  oxygen, 
the  rate  of  flow  was  20  liters  per  hour  and  the  strength  of  add  used  was  40%  by  weight. 

All  experiments  yielded  negative  results;  that  is,  in  no  case  was  any 
improvement  in  absorption  noted  over  the  results  obtained  with  a  standard 
packing  of  glass  fragments.  The  materials  tested  were  the  following: 
glass,  pumice,  charcoal,  coke,  ani  pumice  impregnated  with  platinum, 
manganese  dioxide,  cobalt  and  nickel  and  their  oxides,  tungstic  add,  and 
vanadic  acid.  The  manganese  dioxide,  which  is  almost  completely  in- 
soluble in  nitric  acid,  dissolves  readily  and  completely  in  the  presence  of 
nitrogen  peroxide  or  nitric  oxide  and  contaminates  the  acid.  Practically 
all  the  other  impregnating  materials  dissolved  likewise. 

2.  Experimental  Apparatus  for  the  Study  of  the  Catalysis  of  Oxidation 
Reactions  Independently  of  Absorption  Reaction. — ^The  apparatus  for  the 
study  of  the  oxidation  rate  of  nitric  oxide  is  shown  in  Fig.  1 . 

The  oxygen-nitrogen  mixture,  prepared  by  diluting  air  with  the  proper  amount  of 
nitrogen  in  the  measuring  carboy  C,  was  transferred  by  water  displacement  into  the 
large  storage  and  supply  gasometer  A,  the  gas  in  which  was  maintained  under  the  con- 
stant head  corresponding  to  the  height  of  the  water  inlet  at  B.  The  emergent 
mixture  of  oxygen  and  nitrogen  passed  through  the  flowmeter  P,  through  the  water 
saturating  apparatus  in  I  and  into  the  top  of  reaction  chamber  J,  where  it  was  mixed  with 
nitric  oxide  from  the  storage  carboy  D,  the  proportion  of  nitric  oxide  admitted  being 
regulated  by  the  gage  and  valve  at  G.  The  mixed  gases  passed  directly  down  through 
the  catalyzer  material  in  J  and  up  through  the  3-way  stopcock  h  to  the  alkali  absorption 
train  M .  Except  when  making  an  analysis,  the  gas  current  was  deflected  down  into  the 
tube  L  filled  with  alkali.  The  height  of  the  liquid  in  L  was  the  same  as  the  total  height 
in  the  wash  bottles,  so  that  in  turning  the  cock  no  change  in  the  rate  of  flow  or  gas  pro- 
portions was  produced. 

To  introduce  water  vapor  into  the  gas  the  thermostat  I  was  so  arranged  that  it 
could  be  set  to  maintain  any  desired  temperature.  The  gas  passing  through  the  long 
glass  column  filled  with  water  became  saturated  with  vapor  at  a  temperature  chosen 
to  give  the  desired  percentage  concentration.  The  connecting  tube  from  the  water 
saturator  to  the  reaction  chamber  was  heated  electrically  to  a  temperature  such  that 
there  was  no  condensation  of  water  in  the  apparatus.    The  connection  between  the 
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naction  chamber  and  alkali  absorption  train  was  short  and  of  small  bore  glass  tubiSig. 
It  was  also  kept  warm  by  a  heating  arrangement  in  order  that  no  condensation  of  nitric 
add  should  take  place. 

Since  the  catalytic  efficiencies  of  the  materials  tested  varied  over  wide 
ranges,  in  order  to  secure  a  suitable  degree  of  oxidation  of  the  nitrous  gas 
reaching  the  alkali,  it  was  necessary  to  provide  reaction  chambers  of  various 
sizes  and  to  vary  considerably  the  oxygen  concentration  in  the  gas.  In 
the  experiments  on  inert  materials  (glaiss,  coke,  etc.)  the  reaction  chamber 
had  a  volume  of  30  cc,  and  the  entering  gas  contained  20%  of  oxygen, 
whereas  for  the  active  charcoals  the  catalyzer  chamber  was  reduced  in  size 
to  6  cc.,  and  the  oxygen  concentration  in  the  gas  was  kept  at  3%. 

The  method  of  making  a  run  on  a  new  material  was  as  follows.  After 
the  catalyzer  or  contact  material  had  reached  a  state  of  equilibrium  with 
the  steady  flowing  current  of  gas  (this*  taking  nearly  24  hours  in  the  case 
of  the  active  charcoals  and  only  a  few  minutes  in  the  case  of  inert  materials) 
the  gas  current  was  deflected  for  a  period  of  20  minutes  to  the  alkali  ab- 
sorption train  M  containing  a  known  amotmt  of  standard  alkali.  The 
analysis  of  the  alkali,^  the  free  volume  of  the  contact  space  and  the  gage 
reading  on  the  air  gage  furnished  the  data  for  calculating  the  reaction  rate 
constant  K.  The  apparatus  was  run  continuously,  analyses  being  made  at 
suitable  intervals.  The  only  shut-down  required  was  for  changing  the 
catalyzer  material. 

Results  of  the  Experimental  Measurements. 

The  equation  for  the  reaction  of  nitric  oxide  with  oxygen,  2  NO  +  O2  =  2 
NOt  indicates  that  the  rate  of  oxidation  will  be  proportional  to  the  square  of 
the  nitric  oxide  concentration  and  directly  proportional  to  the  oxygen 
concentration.'  The  mathematical  equation  expressing  these  conditions 
is,  therefore, 

-dCNo=ir(Co)  (Cno)M/ 

in  which  —  dC  represents  the  decrease  in  concentration  of  nitric  oxide  in 
the  time  d<;  Co,  the  concentration  of  oxygen;  Cjjo  the  concentration  of 
nitric  oxide  at  any  given  instant,  and  K  the  factor  of  proportionality,  or 
the  rate  of  reaction  constant.  The  above  equation  transformed  into  form 
for  integration  is 


-dc-irrco-  ^^r^  |c*  d< 


In  this  equation  Co  represents  the  concentration  of  the  oxygen  at  the 
time  when  the  concentration  of  nitric  oxide  is  Ci.    In  the  case  of  the  follow- 

*  P<n-  the  method  of  analysis  and  calculation  of  gas  compositions,  see  Ref.  1.  p.  522., 

*  Cf.  Bodenstein  and  Meinecke,  Z.  Elektrochem,,  16,  876  (1910)  and    Brinerand 
Pridori,  /.  chim.  phys.,  16, 280  (1918). 
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ing  experiments  Co  and  Ci  represent  the  respective  concentrations  of 
oxygen  and  nitric  oxide  at  the  moment  of  mixing. 
The  integrated*  form  of  the  equation  is 

2Co-CiLc    <^iJ(2Co-Ci)«  2CoC 

Since  K  varies  inversely  as  /,  a  large  value  of  K  indicates  a  high  rate  of 
oxidation  and  a  correspondingly  low  value  for  t.  The  value  of  this  number 
K  as  calculated  from  the^  experimental  data  is  the  best  measure  of  com- 
parative oxidation  rates,  and  thus  represents  the  relative  efficiency  of  the 
contact  material  tested. 

In  the  case  of  reactions  catalyzed  by  solid  substances  and  taking  place 
at  the  surfaces  of  gas  absorption,  it  does  not  follow  that  the  rate  of  com- 
bination will  be  strictly  according  to  that  predicted  from  the  chemical 
equation.  However,  in  this  instance  since  the  catal3rtic  activities  of  the 
substances  investigated  were  tested  under  nearly  identical  conditions, 
the  preceding  equation  may  be  accepted  as  sufficiently  accurate  for  pur- 
poses of  comparison. 

In  Table  I  are  given  the  data  embodying  the  experimental  measure- 
ments of  the  reaction  rate  constant  for  the  various  substances  tested. 
The  relative  reaction  rates  are  given  in  the  last  two  columns,  the  first 
giving  the  reaction  rate  constant  and  the  second  the  time  required  for  the 
oxidation  of  90%  of  the  nitric  oxide  in  an  arbitrarily  assumed  gas  con- 
taining 2%  nitric  oxide  and  3%  oxygen  in  contact  with  the  material 
imder  consideration.  The  latter  figures  show  clearly  the  order  of  the  rate 
of  oxidation  as  it  might  actually  be  found  in  the  final  stages  of  the  absorp- 
tion system  in  an  ammonia  oxidation  pliEmt. 

From  the  table  it  is  seen  that  no  one  of  the  first  series  of  substances  tested 
exhibited  any  marked  catalytic  activity.  The  experiments  indicate  that 
any  highly  porous  material  has  an  accelerating  influence  on  the  rate. 
Impregnation  with  materials  which  might  react  chemically  with  the  nitrous 
gases  seemed  to  have  no  effect,  for  none  of  the  samples  of  impregnated 
pumice  was  more  effective  than  ordinary  pumice. 

The  substances,  metallic  cobalt  and  nickel,  their  oxides  and  nitrates,  were 
not  f oimd  to  possess  any  catalytic  ability  to  oxidize  the  oxides  of  nitrogen 
as  has  been  claimed  by  Classen.'  The  metals  and  metallic  oxides  are 
rapidly  converted  to  nitrates,  which  in  the  presence  of  water  vapor 
except  at  elevated  temperatures,  immediately  deUquesce. 
The  influence  of  temperature  on  the  rate  of  reaction  in  the  presence  of 
^  The  general  formula  for  integratioii  is 


r  dc  2  flT        2  r       (k^c)-] 


»  Classen.  Brit,  pat,  18065,  1915. 
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Table  I 
Experimental  Data 


Contact 
substance 


Glass  container 
empty 

Crushed  glass 

Untreated  pumice 

Pumice  impregnat- 
ed with  tungstic 
add  in  HNOt 

With  tungstic  add 
in  soln.  of  hydro- 
gen peroxide 

WithNiO 

WithCoO 

With  metallic  Ni 

With  metallic  Co 

WithMnOs 

Platinized  pumice 

Platinized  asbestos 

Coke 

Common  charcoal 

Coconut  charcoal 


Id 

*»C  Cc. 

0  123 

25  144 

50  159 

25  146 

50  148 

25  137 

50  142 
50  151 


Composition  of 
entering  gas 


NO 

% 
3.11 
2.91 
2.74 
2.82 
3.45 
2.97 


O, 

% 
20.4 
20.4 
20.4 
20.4 
^.3 
20.4 


3.06    20.4 
3.20    20.3 


H,0 

% 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 


NO 

% 
0.53 
0.96 
0.91 
0.98 
1.19 
0.86 

0.78 
0.92 


M 

PU  +3 


83.0 
67.1 
66.9 
65.2 
65.4 
71.0 

74.6 
71.1 


o  S3  N 

Sec. 
19.2 
16.5 
14.9 
11.6 
11.0 
11.9 

11.6 
10.8 


21 
11 
12 
15 
13 
18 

21 
18 


25  142 

3.00 

25  147 

2.86 

25  151 

3.07 

25  146 

3.02 

25  149 

2.^ 

25  145 

2.97 

25  158 

2.62 

25  147 

2.62 

25  140 

2.^ 

25  140* 

3.0 

50  140 

3.0 

80  140 

3.0 

20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 


0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 


0.98 

1.00 

0.82 

0.90 

0.91 

0.94 

0.75 

0.78 

0.82 

0 

0 

0 


67.3 
65.1 
73.2 
70.1 
69.9 
69.2 
71.4 
70.1 
72.5 

100 

100 

100 


Coconut  charcoal 
in  small  reaction 
tube 


Coconut  charcoal 

Peach-kernel  char- 
coal 


25  124.7*  1 

25  118.4  1 

80  148.5  1 

25  119.2  1 

25  116.0  1 

25  124.6  1 

50  130.7  1 

80  136.6  1 

80  114.7  1 

80  112.5  1 

80  211.5  1 

80  141.7  2 

55  136.2  1 

55  145.3  1 

53  109.4  1 

53  120.7  1 

53  113.6  1 

100  167.9  1 

Steamedcoke          80  105.0  2 

•  Volume  of  empty  reaction 

*  Volume  of  empty  reaction 


.33 
.39 
.63 
.87 
.86 
.77 
.31 
.96 
.87 
.71 
.23 
22 
79 
66 
.61 
.59 
.66 
.27 
.63 

chamber 
chamber 


2.96 
2.96 
2.59 
2.94 
2.94 
2.94 
2.96 
2.90 
2.90 
2.90 
2.79 
2.76 
2.66 
2.80 
2.78 
2.77 
2.78 
2.45 
2.81 


0.1 
0.1 
0.1 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
5.7 
5.6 
6.8 
5.7 
5.7 
5.7 
5.7 
14.7 
3.9 


0.102 

0.084 

0.163 

0.540 

0.608 

0.690 

0.48 

0.39 

0.406 

0.335 

0.431 

0.392 

0.568 

0.654 

0.647 

0.495 

0.568 

0.305 

1.12 


.0 
.4 
.3 
.0 
.3 


92.4 

94.0 

90. 

71. 

67. 

61. 

63. 

80.0 

78.3 

77.2 

64.9 

82.4 

68.3 

60.6 

57.2 

68.8 

65.8 

76.0 

57.5 


11.0 
11.0 
11.8 
10.5 
12.5 
11.4 
14.2 
11.3 
11.7 
11.7 
11.7 
11.7 

1.88 
1.98 
1.58 
1.96 
2.02 
1.87 
1.64 
1.71 
2.04 
2.08 
1.11 
1.65 
1.72 
1.61 
2.11 
3.23 
2.81 
2.00 
3.37 


16 
15 
19 
19 
15 
17 
17 
20 
19 


10,000 

12.000 

8800 

1400 

1100 

930 

1360 

2650 

2010 

2430 

2710 

3110 

1590 

1166 

808 

910 

766 

3440 

329 


30  cc. 
6cc. 


^3 
o  w 

o 

H  o 

Sec. 
480 
910 
840 
670 
770 
660 

480 
560 


^  143    3.04  20.4  0.1  0.92   69.9   11.6    17    600 


630 
670 
530 
630 
670 
590 
590 
500 
630 


1.0 

0.8 

1.1 

7.0 

9.0 
11.0 

7 

4 

6 

4 

4 

3 

6 

9 
12 
11 
13 

3 
30 


inert  materials  is  unusual.*    Above  25°  the  rate  of  reaction  is  practically 

*  The  temperatures  recorded  in  the  table  are  the  temperatures  maintained  in  the 
thermostat.  Inasmuch  as  the  oxidation  of  1%  by  volume  of  nitric  oxide  in  a  gas  is 
sufficient  theoretically  to  raise  its  temperature  20°  above  the  surroundings,  assuming  no 
radiation,  the  actual  temperatures  of  the  gases  may  be  somewhat  higher  than  those  given. 
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independent  of  the  tf*mperature,  a  slight  decrease  in  the  rate  of  reaction 
with  increase  of  temperature  appearing  to  be  the  general  rule.  Below 
25®,  however,  a  rapid  increase  in  the  rate  of  reaction  with  decrease  in 
temperature,  was  noted,  the  rate  at  0®  being  twice  that  at  25°. 

The  only  materials  possessing  catalytic  properties  of  any  pronounced 
value  were  the  special  diarcoals  and  the  activated  coke.  The  two  samples 
which  were  most  reactive  were  the  coconut  and  peach-kernel  charcoals. 
A  sample  of  coke  subjected  to  steaming  at  600"*  to  800"*  was  found  to  pos- 
sess a  pronounced  but  much  lower  catal3rtic  activity.  It  is  to  be  expected 
that  the  highly  absorptive  silica  gels  would  act  in  the  same  manner  as  the 
charcoals,  but  at  the  time  these  experiments  were  performed  such  material 
was  not  available  for  testing.  The  order  of  catalytic  activity  that  these 
materials  possess  is  quite  remarkable;  thus,  the  specific  reaction  rates  for 
coconut  charcoal  was  found  to  be  about  11000,  or  more  than  500  times  that 
observed  for  ordinaiy  porous  materials.  The  time  required  therefore  to 
produce  a  given  degree  of  oxidation  in  a  given  gas  mixture  is  less  in  the  same 
proportion.  For  example,  to  secure  the  conversion  to  nitrogen  peroxide 
of  90%  of  the  nitric  oxide  in  a  gas  containing  3%  of  nitric  oxide  and  3% 
of  oxygen  requires  with  inert  material  500  seconds  and  in  the  presence  of 
the  catal3rzer  only  1  second. 

Water  vapor  has  a  very  considerable  effect  on  the  catal3rtic  properties 
of  the  charcoals.  To  retain  activity  the  cafa3rzer  must  be  maintained  at  a 
temperature  above  the  condensation  point  of  the  aqueous  nitric  acid  which 
would  be  in  equilibrium  with  the  gas  phase  in  contact  with  it.  Conden- 
sation on  the  catalyzer  or  soaking  in  nitric  acid  had  no  permanent  harmful 
effect,  as  the  material  after  drying  resumes  its  activity. 

In  Table  II  are  tabulated  experimental  results  to  show  the  influence  on 
the  catalysis  of  the  moisture  content  of  the  gases  and  also  the  effect  of 
change  in  temperature.  With  dry  gases  the  catalytic  activity  is  only 
slightly  decreased  by  an  increase  of  temperature.  When,  however, 
moisture  is  introduced  into  the  gases,  the  reaction  rate  drops  greatly, 
in  the  case  of  the  coconut  charcoal  at  25®,  1%  of  water  vapor  in  the  gas 
causing  a  decrease  in  the  rate  of  reaction  constant  from  11000  to  1100. 
With  moist  gases  the  effect  of  temperature  is  the  opposite  of  that  found 
with  dry  gases,  the  rate  of  reaction  increasing  as  the  temperature  difference 
above  the  condensation  point  of  the  aqueous  nitric  acid  becomes  greater. 

A  slight  amount  of  water  vapor  present  in  the  gases  inhibits  the  activity 
of  the  catalysis  to  a  considerable  degree,  but  except  in  the  immediate 
neighborhood  of  the  condensation  point  where  the  catalysts  are  very 
sensitive  to  changes  in  water  vapor  concentrations,  concentrations  of 
water  vapor  in  excess  of  1%  seem  to  exert  no  further  depressing  effect. 
Even  with  a  water  vapor  content  as  high  as  15%,  as  would  be  encountered, 
for  instance,  in  the  gases  from  ammonia  oxidation,  the  catal3rtic  activity 
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TablB 

II 

Efpsct  of  Thmpsraturb 

AND  Watbr  Vapor  Concentration 

Water  vapor  in 

Contact  substance 

Temp. 

gas  used 

JTObs. 

»c. 

Percentage  by  volume 

Coconut  charcoal 

25 

dry 

IIOOO 

80 

dry        . 

8800 

25 

1.0 

1100 

60 

1.0 

1400 

80 

1.0 

2700 

Peach-kernel  charcoal 

80 

1.0 

2200 

53 

5.7 

800 

65 

5.7 

2400 

80 

5.7 

2900 

100 

14.7 

3400 

of  the  charcoals  is  well  maintained,  provided  the  temperature  of  the 
reaction  space  is  sufficiently  elevated. 

The  decrease  in  the  rate  of  reaction  with  elevation  of  temperature  ob- 
served in  the  case  of  the  dry  gases  is  probably  occasioned  by  the  decreased 
absorptive  ability  of  the  charcoal  at  the  higher  temperatures.  The  in- 
crease in  the  rate  of  reaction  with  temperature  rise  in  the  presence  of 
water  vapor  is  likewise  probably  to  be  explamed  by  the  lowering  of  the 
surface  concentration  of  absorbed  water  on  the  charcoal  caused  by  the 
temx>erature  increase,  thus  enabling  a  relatively  greater  proportion  of  the 
active  mass  of  the  catalyzer  to  take  up  its  duty. 

With  respect  to  the  life  of  the  charcoal  catalysts,  their  properties  do  not 
seem  to  be  impaired  at  all  with  time,  tests  over  many  weeks  duration  show- 
ing no  decrease  in  activity.  The  charcoals  were  also  tested  for  possible 
slow  combustion,  but  in  no  case  was  there  any  evidence  of  carbon  dioxide 
formation. 

Summary. 

A  study  of  the  rate  of  the  reaction  2  NO  +  Oj=2  NOj  has  shown  that 
ordinary  porous  materials  either  impregnated  or  unimpregnated  possess 
no  specific  catalytic  action,  but  that  in  the  presence  of  the  highly  absorptive 
forms  of  carbon  or  charcoal  the  rate  of  the  reaction  may  be  accelerated  as 
much  as  500  fold. 

The  presence  of  water  vapor  in  the  gas  mixtiu-es  greatly  decreases  the 
activity  of  the  charcoal  catalysts.  Increase  of  the  temperature  interval 
above  the  point  of  condensation  of  the  aqueous  vapor  counteracts  to  some 
extent  this  effect. 

The  temperature  coefficient  of  the  rate  of  reaction  for  the  uncatalyzed 
and  the  catalyzed  reaction  is  in  general  negative.  For  the  catalyzed 
reaction  in  the  presence  of  water  vapor  the  temperature  coefficient  is 
apparently  positive.  This  is  probably  due  to  the  decreased  absorption 
of  water  by  the  catalyzer  at  elevated  temperatures. 
CAMBRn>GS  39,  Massachusetts. 
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ACTIVITY  COEFFICIENTS  AND  COLLIGATIVE  PROPERTIES  OF 

ELECTROLYTES- 

By  Herbert  S.  Harned. 

Received  November  0,  1021. 

As  a  result  of  considerable  study  in  recent  years  on  the  thermod)aianiic 
properties  of  dilute  and  concentrated  solutions  of  electrolytes,  the  author 
has  arrived  at  the  following  means  for  testing  the  accuracy  and  consistency 
of  available  activity  data,  for  calculating  other  thermodynamic  data  there- 
from, and  for  organizing  a  convenient  system  by  means  of  which  such  prop- 
erties as  activity  coefficients,  osmotic  coefficients,  vapor  pressures  and 
osmotic  pressures  may  be  accurately  calculated.  In  some  instances,  the 
method  suggested  by  Lewis  and  Linhart^  for  computing  activity  coeffi- 
cients from  freezing-point  data  is  employed  but,  in  the  main,  the  present 
method  differs  from  that  employed  by  the  above  authors  and  by  Lewis  and 
Randall.^  Further,  the  results  obtained,  especially  for  solutions  of  po- 
tassium and  sodium  chlorides,  differ  considerably  from  those  of  Lewis  and 
Randall.  Since  these  differences  exist,  and  there  will  be  shown  to  be  much 
evidence  favoring  the  calculations  here  presented,  it  was  thought  to  be 
highly  desirable  to  state  this  view  of  the  matter. 

1.  Derivations  of  Equations. 

In  a  recent  communication'  it  was  shown  that  the  individual  ion-activity 
coefficients  (activity  of  the  ion  divided  by  the  molal  concentration)  of  the 
hydrogen,  chlorine,  potassium,  sodium  and  lithium  ions  can  be  calculated 
by  means  of  the  empirical  formula 

log  Fa  =  oc-/3c"  (1) 

where  F^  is  the  activity  coefficient  of  the  ion,  c  is  the  concentration  of 
the  electrolyte  in  mols  per  1000  g.  of  water,  and  of,  /3,  and  m  are  constants 
which  differ  for  the  different  ions. 

The  mean  activity  coefficient^  of  any  electrolyte,  F^',  may  also  be  ex- 
pressed by  an  equation  of  similar  form  to  (1).    Thus 

logFa'  =  a'c-/3'c"''  (2) 

where  c  is  the  molal  concentration,  and  a',  j8',  and  w'  are  constants.  For 
uni-imivalent  electrolytes 

where  ai,  /3i,  nti  refer  to  one  ion,  and  az,  ft,  ntt  refer  to  the  other.  F/  is 
defined  by  the  equation 

»  Lewis  and  Linhart,  Tras  Journal,  41,  1951  (1919). 

*  Lewis  and  Randall;  ibid.,  43,  1112  (1921). 

*  Hamed,  ibid.,  42,  1080  (1920). 
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In  this  equation  v"*"  is  the  mol  number  of  cations  present,  y~  is  the  mol 
number  of  anions  present,  and  v  is  equal  to  j/+  +  v"  {e,  g.,  for  BaClj, 
^+=1,  i'-  =  2;  for  La2(S04)8,  j'+=2,  y-=3)  and  a*  is  the  v^^  root  of  the 
product  of  the  activities  of  all  the  ions.  When  the  anion  and  cation  have 
identical  activity  coeflBlcients,  Equations  1  and  2  are  identical.  In  very 
dilute  solutions,  the  term  a'c  becomes  negligible  and  Equation  2  approaches 
the  form  of  the  empirical  equation  of  Lewis  and  Linhart,^  namely 

log/?.'=-^'c*'.  (3) 

In  the  present  paper.  Equation  2  will  be  used  principally  in  testing  the 
consistency  of  and  in  coordinating  available  activity  data,  and  will  be  shown 
to  be  valid  for  all  electrolytes  studied  throughout  a  concentration  range 
from  0.0001  M  to  3  M. 

By  combining  Duhem*s  equation  in  its  exact  form  and  Equation  1  or 
2,  it  becomes  possible  to  calculate  within  narrow  limits  the  vapor  pressures 
and  osmotic  pressm-es  of  aqueous  solutions  of  all  electrolytes  whose  activity 
coefficients  have  been  accurately  meastured.  In  addition,  the  osmotic 
coefficients,  or,  for  imi-univalent  electrolytes,  i—  1,  where  i  is  van*t  Hoff's 
t,  may  be  computed.  This  purely  thermodynamic  quantity  has  usually 
been  called  "the  degree  of  dissociation.**  Owing  to  the  fact  that  very 
little  reliable  data  are  to  be  fotmd  on  these  colligative  properties  at  25°,  it 
was  thought  highly  desirable  to  construct  a  convenient  and  unified  method 
for  their  calculation. 

(a).  Vapor  Pressures  from  the  Square  Root  of  the  Activity  Products 
<rf  Uni-tmivalent  Electrolytes. — Duhem's  equation  may  be  used  in  the 
following  form 

NidFi^-N^Ft  (4) 

where  Nu  Fi  are  the  mol  fraction  and  free  energy  of  the  electrolyte,  and 
Ni,  Ft  are  the  mol  fraction  and  free  energy  of  the  water.*  Fi  is  related  to 
the  ion  activities  by 

Fi  =  RT  In  aiOt  +  const, 
whence 

dFi^RTdlnaiOt  (5) 

where  ai  and  at  are  the  activities  of  the  ions  of  the  electrolyte.  By  Equa- 
tion 2 

log  F.'=logV^Fiif;«aV-/3'c*' 

i_ 

In  Vaifl«=2.3028a'c-2.3026/3'c"*'  +  /»  c 
or 
lnaiat^2  (2.3026a'c-2.3026^'c"''  +  In  c)  (6) 


*  Lewis,  Proc.  Am,  Acad.  Arts  Sci.,  43,  269  (1907). 
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Differentiation  of  Equation  6  gives 

d/iiaiflt-=2(2.3026a'dc  +  d/iic-2.3026/3'm'c*'-»  dc).  (7) 

From  (4)  and  (5)  is  obtained 

Nidlnaith^-Nidlnth  (8) 

where  os  is  the  activity  of  the  water. 
Substitution  of  (7)  in  (8)  gives 

^-^(2.3026a'dc  -h  d  /«  c-2.3026/5'm'c*'-»  di;) «  -d  M  Ot.  (9) 

The  activity  of  the  water  molecule  in  these  solutions  is  related  to  the  vapor 
pressure  by  the  equation 

fdlnot^fhnp  (10) 

€  P 

on  the  assumption  that  water  vapor  at  these  low  pressures  (about  20  mm.) 
obeys  the  ideal  gas  law.  In  the  above  equation,  po  is  the  vapor  pressure 
of  pure  water  and  p  is  the  vapor  pressure  of  the  solution.  Consequently, 
the  integration  of  the  left  hand  member  of  Equation  9  will  be  between  the 
limits  c  and  0,  and  the  right  hand  member  between  the  limits  p  and  p^. 
Further 

c  66.6 


66.6+c'         66.6+c 

and 

Ni^    c 
iVi"66.6 

Hence 


»dc)  =  - Jd/ni 


/^(2.3026a'dc  +  dln  c-2.3026  /5'm'c*'-»  dc)  =  -  Id  In  p.        (11) 
66.5  •/ 

Integration  gives 

,  A»       c    r     .  ^„_   ,      4.6062/3'm'       1  ,    , 

(b).  The  General  Equation  for  Any  Electrolyte. — In  this  case,  we 
write  Duhem's  equation 

NidlnaiOt aw^—Ntdlnaw  (13) 

where  o^  is  the  activity  of  the  water  molecules.     According  to  Equation  2 

or 

1  I       p^p- 

In  fl*  -/n(aia,. . .  .a,)!^-  2.3026a'c-2.3026^'c*'  +lnc-^;  Iny^'v' 

or 

\       p"^  p' 
Inifiiot. ...a,) -i'(2.3026a'c-2.3026/3'c"''  +  In c  + '^  In y-^  y^'  (14) 
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Differentiation  of  (14)  gives 

d  Iniaiot. . .  .Or)  -ir(2.3026a'dc- 2.3026/3 '#»'<;"•'-» dc  +  dln  c.  (16) 

Substituting  in  (13),  we  obtain  as  before 

c  p 

/-^^  I2.30a6a'dc  +  d  /»  c-2.3026/3'i»'i;"*'  -*  dc] «  -  idlup 
65.5  •/ 

•  P» 

which  becomes  on  integration 

,    A»       c   r     ,  2.3026  yg^c       2.3026  y|9^m^     ,,1  .^ 

(c).  Vapor  Pressures  of  Uni-imivalent  Electrolytes  from  Individual 
Ion  Activities* — Lewis*  has  deduced  the  equation 

dN  "  •  ^    ' 

NuNt are  the  mol  fractions  of  the  molecular  and  ionic  species  of  a 

mature;  au  (h >  their  activities.    This,  as  was  shown  by  Lewis,  is 

Duhem's  equation  modified  so  as  to  be  thermodynamically  exact.    In 

the  present  case,  we  write 

«     Nidlnai  +  Ntdlnot  +  Ntdlnth'^O  (18) 

where  Ni,  au  and  Nt,  a%  refer  to  the  mol  fractions  and  activities  of  the  cation 

and  anion^  respectively;  and  N%,  os,  the  mol  fractions  and  activities  of  the 

water  molecule.     From  Equation  1* 

a 
log  -  ^ac^^ 
c 

or 

In  a  =2.3026ac-2.3026/3c'"  +  /n  c 

utere  a  is  the  activity  of  the  ion.    Differentiation  gives 

din  a  -2.3026  a  dc  +  d  /»  c-2.3026/5ifw*"*dc.     .  (19) 

Hence 


•i"*dc) 
•»-'dJ 


(19a) 


d  In  ai»2.3026aidc  +  d  /n  c-2.3026/5imic"*i 
d  In  at-2.3026aii(;  -f  d  /«  c-2.3026/3imjc*»' 

irtieie  subscripts  1  and  2  refer  to  the  cation  and  anion,  respectively.    Fur- 
tiier 


c  55.5 


Rearranging  (18) 


66.6 +  2c'  55.5 +  2c 


^*[d/iiai  +  d/«o,]--d/nat.  (18a) 


Substitute  in  18a  the  right  hand  members  of  Equation  10a  for  d  In  ai 
and  d  In  Of,  the  values  obtained  above  for  Ni  and  Nt,  and  collect  coeffi- 
cknts.    The  following  is  obtained, 
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gg^  [2.3026(ai  +  ai)dc  +  2d  /nc  -  2.3026^imic"'i  'ck  -  2.3026^nhfrt  '  dc]  =  -d  /«  o,. 
Hence 

c  P 

/— [2.3026(ai  +  ai)dc+2d/nc-2.3026/3ii»iC*i""^ dc-2.3026ftm^"'«"Mc]  =  -  I  dlnp 
55.6  •/ 

Integration  of  this  last  equation  gives 

,  i^       ^   r«  .  2,3026(ai  +  ai)c    2.3026/3imi  „     2.3026/3,m,      1 

'TetbI^'^ — 2 -i;jnT^^— 7;;rfrn'  ^""^ 

(d).  Osmotic  Pressures  and  Osmotic  Coefficients. — Let  the  expressions 
within  the  brackets  of  the  right  hand  members  of  Equations  12,  16,  and  20 
equal  [i].    Then 

The  osmotic  pressure  can  be  calculated  from  the  vapor  pressm-e  (neglec^ting 
the  small  term  due  to  the  compressibility  of  the  solvent)  by  the  formula 

RT  ^  po    RT    c   ,., 

where  t  is  the  osmotic  pressure,  Vo  the  molal  volume  of  the  water  at  tem- 
perature T  and  R  is  the  gas  constant.    On  inspection,  it  is  seen  that  [i] 

is  van*t   Hoff's  [i],  and  that  f  ^-^t)  is  equal  to  the  osmotic  coefficient 

^0,*  or  the  classic  degree  of  dissociation.    At  25°  Equation  22  reduces  to 

X  (atms.)  =24.42  c[*],  (23) 

on  substituting  298.1  for  T,  0.08207  for  i?,  and  0.018053  for  Vq, 

2.  The   Activity   Coefficients   of   Potassium   Chloride    Solutions. 

In  order  to  determine  the  parameters  of  Equation  2  and  thus  the  activity 
coefficients  of  potassium  chloride  solutions,  a  method  has  been  adopted 
which  combines  the  method  suggested  by  Lewis  and  Linhart'  for  computing 
activity  coefficients  from  freezing-point  data  with  the  method  employed  by 
the  author'  for  computing  the  same  at  higher  concentrations  from  electro- 
motive-force measurements.  Lewis  and  Linhart  found  that,  in  dilute 
solutions  of  all  electrolytes,  the  following  empirical  relationship  holds, 
namely. 


log/i'X-jUai' 


log  c  +  log  Bi'  (24) 


where  vis  ss  before  the  number  of  different  ions  produced  in  the  solution 
by  the  dissociating  substance,  X  the  molal  freezing-point  lowering  of  water 
(1.858°  C),  ^  the  freezing-point  lowering,  c  the  concentration,  and  ai'  and 
ft'  are  constants  (a/,  jS/  are  the  constants  ai,  j8i  in  Lewis  and  Linhart's 
5  Bjerrum,  Z.  anorg.  Chem,,  109,  275  (1920). 
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paper).     By  plotting  logf  "X —  J  against  log  c,  straight  lines  are  obtained 

from  which  the  values  of  a/  and  /3i'  can  be  evaluated.     By  combining 
this  equation  with  the  thermodynamic  equation 

which  relates  the  activity  coefficient  with  the  freezing-point  lowering  in 
dilute  solutions,  and  integrating  between  the  proper  limits,  they  obtained 

2.3026  I'A  ai 

Since  for  a  given  electrolyte  a/,  /3/,  v,  and  X  are  constants,  this  equation  is 
equivalent  to  (3)  where 

^i'(ai'+l) 


^'  = 


and  m'  —  a\. 


(27) 


2.3026  I'A  ai" 

Thus,  by  plotting  freezing-point  data  in  accordance  with  Equation  24, 
the  parameters  /3'  and  m'  of  Equation  2  may  be  evaluated.  Employing 
this  method  with  solutions  of  potassium  chloride,  Lewis  and  Linhart 
obtained  a/ =  0.535;  ft' =  1.223  which  according  to  Equations  27  give  the 
values  /S'  =  0.401;  m'  =  0.535.  The  author  obtained  j8' =  0.318  and  m'  = 
0.397,  calculated  from  electromotive-force  data  and  based  on  the  value 
F'^(o.i)  =  0.754  at  0.1  Af  concentration  of  Noyes  and  Maclnnes;*  Lewis  and 
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Fig.  1. 

Randall^  obtained  Fa(,.i)=  0.798.  The  large  diflFerences  between  the 
values  of  these  constants  as  determined  by  Lewis  and  Linhart  and  by  the 
author  make  a  recalculation  imperative.  Instead  of  basing  the  calculation 
entirely  upon  the  freezing-point  data  of  Adams,  ^  it  was  thought  preferable 
to  include  also  the  data  of  Fliigel*  and  of  Jahn.'^    In  Fig.  1,  the  values  of 

•  Noyes  and  Maclnnes,  Tms  Journai,,  42, 239  (1920). 
7  Adams,  iM.,  37, 494  (1915). 

•  Flfigel.  Z.  physik,  Chem.,  79,  686  (1912). 

•  Jahn,  ibid,,  59,  36  (1007). 
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H) 


log  ( "^""^  I  are  plotted  against  log  c.    It  can  be  §een  that  these  points 

group  along  a  straight  line  between  log  (;=  1.00  and  log  (;  =  2.00,  and  lie 
near  a  straight  line  at  lower  concentrations.  At  concentrations  above 
0.1  M,  Equation  24  is  no  longer  valid.  The  dotted  line  represents  the 
straight  corresponding  to  values  of  ai  and  fix'  obtained  by  Lewis  and 
Linhart.  Their  plot  passes  through  some  points  obtained  from  Adams' 
data,  and  does  not  represent  the  line  drawn  through  the  points  of  all  the 
data.  The  representative  curve  gives  ai'=m'=0.394  and  /Si'=0.692  from 
which,  by  (27),  j8' = 0.286.  Employing  these  values  in  Equation  3  F'a{^  = 
0.766.  Bu  t  Equation  3,  is  not  applicable  up  to  concentrations  as  high  as  0. 1 
My  and  consequently,  in  order  to  obtain  a  more  exact  value  for  F'a^^, 
Equation  2  is  employed,  assigning  to  a'  the  value  0.070,  and  to  /3'  and  m'  the 
values  obtained  above.  In  the  previous  article,  a'  was  assigned  the  value 
0.080.  The  corrected  value  for  F'a(,4)  is  0.779.  Using,  this  value,  the  activ- 
ity coefficients  have  been  computed  at  higher  concentrations  from  theelec- 
tromotivef orce  data  of  Noyes  and  Maclnnes*  and  Hamed**  and  compiled  in 
Table  I. 

Tabids  I 

AcnVlTT  C09PPlcmNTS  FROM  Bl^CTROMOTlVS  PORCB  DATA 


# 

V  (0**) 

F/  (ode.) 

Noyes  and  Maclnnes 

Hamed 

a'  -0.070 

j8'  «0.292 

m'  -0.396 

0.03 

0.861 

0.868 

0.06 

0.816 

0.821 

0.10 

0.779 

0.779 

0.776 

0.20 

0.723 

... 

0.724 

0.30 

0.696 

0.687 

0.693 

0.60 

0.669 

0.660 

0.662 

0.70 

0.639 

. . . 

0.626 

0.76 

. . . 

0.619 

0.620 

1.00 

0.613 

0.698 

0.600 

1.60 

. . . 

0.676 

0.678 

2.00 

0.666 

0.670 

2.60 

. . . 

0.668 

0.667 

3.00 

... 

0.676 

0.674 

The  observed  values 

are  lower  in  all  cases  than  those  given  in  Table  XIV 

in  Lewis  and  Randall's  paper.    The  parameters  a 

/,  /S',  f»'  can  be  derived 

from  these  data  by  the  method  previously  employed  by  the  author.    Thus 

logFa'  =  a'€ 

:-^'c-'. 

(2) 

By  transposition  is  obtained 

• 

c 

=B'(^  -^ 

»  Hamed,  Tms  Journal,  38, 1986  (1916). 
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and  taking  the  logarithms 

logFi 


Thus,  the  plot  of  log 


log  F-^^^'  +  «']  =log  ^'  +  (m'-l)  log  c. 


(2a) 


against  log  c  should  be  a  straight 


line.  The  plot  was  made  by  assigning  different  values  to  a'  until  a  straight 
line  was  obtained,  m'  can  readily  be  determined  from  the  slope,  and  /S' 
from  the  value  of  log  /S'  at  log  c  =  0  or  c=l.  Fig.  2  gives  this  plot  from 
which  are  obtained  a'  =  0.070 ;  /S' = 0.292 ;  and  m'  =  0.396.  From  freezing- 
point  measurements,  /S'  =  0.286,  and  m'  =  0.394.  The  agreement  is  ex- 
cellent.    Using  the  data  of  Lewis  and  Randall'  (Table  XIV),  and  plotting 


N, 

\ 

^ 

-r      T 
KC/ 

hi 

■¥H 

•n 

X 

ol 

E.riFa-fci.  ~1 

M 

N 

N, 

^        •        ■        1 

S 

X. 

V 

V 

N 

s 

• 

V 

X 

Tft 

X 

. 

UgC- 

Fig.  2. 

in  the  same  way  as  above,  a  straight  line  is  obtained  which  gives  a' = 0.134, 
fi' «  0.334,  and  m' = 0.474.  In  what  follows,  it  will  be  shown  that  the  lower 
values  obtained  by  the  author  are  more  exact.  The  only  lack  of  concor- 
dance between  the  above  calculation  and  observed  data  occurs  in  the  elec- 
tromotive-force measurements  of  Noyes  and  Maclimes  below  0.01  M.  Lewis 
and  Randall  suggest  that  electromotive-force  measurements  at  these  low 
concentrations  are  not  reliable  owing  to  side  reactions.  At  present,  there 
are  not  sufficient  data  from  different  sources  to  decide  this  question  defi- 
nitely. Having  determined  the  values  of  a',  /S'  and  m',  we  are  now  in  a 
position  to  compare  the  results  with  other  carefully  determined  data. 

By  computing  the  values  of  the  expression  inside  the  bracket  of  the  right 
hand  member  of  Equation  12  and  subtracting  1  from  these  values,  the  os- 
motic coefficients  at  the  different  concentrations  are  obtained.  Equation 
12  becomes  on  substituting  the  values  for  a',  fi'  and  m'  obtained  above 


"I- 


55.6 


[2  +  0.1612c-0.3815cO"«] 


whence 


/•=l  +  0.1612c-0.3816c0"«. 


(12a) 


(12*) 
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Table  II,  Col.  2  contains  the  values  of  /o  at  the  concentrations  denoted 
in  Col.  1  calculated  by  (126).  Col.  3  contains  the  values  of /o  using  the 
values  of  a',  p'  and  w'  from  Lewis  and  Randall's  data.  The  last  two 
colunms  of  this  table  contain  values  of /o  at  0°  and  20**  calculated  by  means 

of  Equation  21  from  values  of  In  -.    The  latter  data  were  obtained  from 

Table  II  in  a  recent  paper  by  Lovelace,  Frazer,  and  Sease."  The  values 
at  0°  were  calculated  by  them  from  freezing-point  lowerings  using  an  exact 
thermodynamic  formula  given  by  Washburn,^*  the  freezing-point 
data  of  Roloff"  and  the  compilation  of  Noyes  and  Falk."  The  20*" 
values   were   obtained   from   their   own   vapor-pressiu^   measiu^ments. 

TABhn  II 

OSMOnc  COQFFICIBNTS 


(1) 

(2) 

(3) 

(4) 

(5) 

Cone. 

E.m.f.  and 

Lewis  and 

F.  p.  data 

V.p 

f.p. 

Randall 

0*^ 

20"" 

25^ 

25  *» 

(Obs.) 

(Obs.) 

a'=0.070 

a' =0.134 

Eq.28 

L.  F.  and 

/3' =0.292 

/3' =0.334 

(Mannite) 

S. 

w' =0.396 

w' =0.474 

0.001 

0.976 

...   « 

. . . 

.  .  . 

0.010 

0.940 

0.951 

.  .  . 

0.050 

0.892 

0.903 

0.891 

0.886 

(0.840) 

0.100 

0.863 

0.877 

0.867 

0.846 

(0.815) 

0.300 

0.812 

0.821 

0.810 

0.799 

(0.782) 

0.600 

0.791 

0.820 

0.794 

0.790 

(0.774) 

0.760 

0.781 

0.826 

0.762 

0.786 

1.000 

0.780 

O.SU: 

0.748 

0.788 

1.500 

0.792 

0.900 

0.764 

0.794 

2.000 

0.820 

0.973 

0.763 

0.823 

2.500 

0.856 

1.056 

0.766 

0.844 

3.000 

0.894 

1.146 

0.806 

0.868 

4.000 

0.984 

Lewis  and  Randall's  values  are  higher  than  any  of  the  other  series 
of  results.  The  above  data  reveal  that  the  plot  of  the  osmotic  coefficients 
against  the  concentrations  will  have  a  minimiun.  The  plot  of  the  molec- 
ular vapor-pressure  lowerings  against  the  concentrations  will  also  have  a 
minimum  at  the  same  concentration. 

The  empirical  equation  which  relates  the  osmotic  coefficient  to  the  con- 
centration is 
/o=l  +  a'c-|8'c-'  (12c) 

"  Lovelace,  Frazer  and  Sease,  Tms  Journal,  43,  102  (1921). 
"  Washburn,  "Principles  of  Physical  Chemistry,"    McGraw  Hill  Book  Co.,  1915, 
p.  169. 

"  Roloflf,  Z.  physik.  Chem.,  18,  578  (1895). 

i«  Noyes  and  Falk,  Tms  Journal,  32, 1020  (1910). 
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where  a"  and  fi"  are  the  numerical  coefl&cients  in  Equation  126  and  m' 
is  the  same  as  in  the  previous  equations.  Differentiating  (12(7)  with  re- 
spect to  c  and  equating  the  right  hand  member  of  the  resulting  equation 
to  0,  the  following  is  obtained  as  a  condition  for  a  minimum 

a'=/5'w'c-'-\  (12d) 

Employing  this  latter  equation,  it  was  fotmd  that  the  minimum  of  the 
results  in  Table  II,  Col.  2  occurs  at  c  equals  0.898.  The  minimum  from 
Lewis  and  Randall's  data  occurs  at  c  equals  0.525.  Lovelace,  Frazer 
and  Sease  obtained  a  minimum  in  the  molecular  vapor-pressure-lowering — 
concentration  plot  (20°)  in  the  neighborhood  of  1  M  concentration. 

The  last  column  in  Table  II  contains  a  series  of  osmotic  coeflScients  of 
potassitmi  chloride  solutions  at  20°,  computed  from  measurements  of  vapor- 
pressure  lowerings  obtained  by  Lovelace,  Frazer  and  Sease.  ^.^  The  agree- 
ment between  these  results  and  the  values  obtained  by  the  author  and  given 
in  Col.  2  is  good  but  not  entirely  satisfactory.  At  concentrations  from 
0.05  Af  to  0.5  M  their  results  are  lower  than  those  obtained  by  the  author, 
from  0.5  M  to  2  Af  their  values  are  slightly  higher;  and  from  2  Af  up 
their  results  are  lower.  The  5°  difference  in  temperature  will  cause  some 
difference  which  would  depend  on  the  sign  of  the  reversible  molal  heat  of 
dilution  by  water.  Since  the  latter  quantity  is  negative  for  potassium 
chloride  solutions,  the  osmotic  coefficients  should  be  higher  at  25°  than  at 
20®.  In  the  results  at  concentrations  from  0-5  to  2  Af  the  slight  error  may 
be  in  either  the  vapor-pressure  or  electromotiv^orce  measurements.  The 
results  from  the  data  of  Lovelace  et  al,  at  0.05  M  and  0.1  Af  are  imquestion- 
ably  low.  This  is  verified  by  comparison  with  the  values  obtained  by  the 
above  authors  from  measurements  of  both  potassium  chloride  and  mannite 
solutions,  where  any  small  error  due  to  their  apparatus  would  be  partially 
eliminated.  Since  mannite  soluticms  obey  Raoult's  law  within  narrow 
limits,  /o  may  be  calculated  by  the  equation 

i^^-'+f*  (28) 

where  (po—p)  is  the  vapor-pressure  lowering  of  the  substance  denoted  by 
the  subscript.  In  Table  II,  Col.  5  are  given  the  values  of  /o  obtained  by 
employing  Equation  28.  The  agreement  between  these  results  and  those 
in  Col.  2  is  good. 

In  order  to  carry  the  investigation  somewhat  further  and  to  relate  in  a 
general  way  the  osmotic  coefficients  from  the  freezing-point,  vapor-pressure, 
and  electromotive-force  data  with  the  reversible  molal  heat  of  dilution  by 
water,  it  was  thought  advisable  to  compute  the  parameters  of  Equation  2 
from  the  freezing-point  and  vapor-pressure  data  (Table  II,  Cols.  4  and 
5)  and  then  to  make  an  approximate  calculation  of  the  reversible  molal  heat 
of  dilution  by  water.  Transposing  and  taking  the  log  of  both  members  of 
Equation  12c,  we  obtain 
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log  Il-/i  +  a'cl-log  fi'  +  m'  log  <: 


(29) 


a"'=2.3026a';  and  ^"'- 


m'  +  l 


By  plotting  the  log  [1  — /o  +  a'c]  against  the  log  c,  a  straight  line  should  be 
obtained  if  a"'  be  assigned  the  correct  value.  From  this  plot  fi"  and  m' 
can  readily  be  evaluated.    In  Fig.  3,  the  plots  of  the  values  obtained  from 
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the  freezing-point  data  (Tablfe  II,  Col.  4)  and  vapor-pressure  measure- 
ments (Table  II,  Col.  5)  are^own.  The  values  in  parenthesis  were  omitted. 
In  Table  III  are  given  the  values  of  a',  /S',  and  m'  obtained  from  these 
plots,  and  from  the  previous  calculation. 

Tabids  HI      • 
Vai^ubs  from  P]:x>ts 

P.p.  (0«)  V.p.  (20*')  E.m.f.  (26**) 

a 0.062  0.068  0.070 

/3' 0.277  0.292  0.292 

m' 0.387  0.395  0.397 

The  values  from  the  freezing-point  data  conform  very  nearly  to  the 
straight  line.  The  vapor-pressure  data  points  do  not  fall  so  dose  to  the 
straight.  Lovejace,  Frazer  and  Sease  report  that  in  the  neighborhood  of 
0.4  to  0.8  ilf ,  the  molecular  vapor-pressure-lowering — concentration  plot 
shows  an  irregularity  not  due  to  experimental  error.  Such  an  irregularity 
has  never  yet  been  found  in  electromotive-force  measurements.  For 
potassium  chloride  solutions,  it  would  be  observed  between  1.5  and  2.0  Af 
salt  concentrations. 

C^culation  of  the  osmotic  coefficients  using  the  values  of  a',  /8',  and  m' 
in  Table  III  will  give  values  which  increase  with  rise  in  temperature. 
From  the  fundamental  thermodynamic  equation 
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(30) 


dT 
and  Equation  21,  it  follows  that  if  the  osmotic  coefficient  increases  with 


d 


i'^) 


the  temperature,  then    ^   ^^  is  positive,  and  AH,  the  partial  molal  heat 

di 

content  function  of  dilution  is  also  positive.    Hence,  the  reversible  molal 
heat  of  dilution  will  be  negative.    This  is  in  agreement  with  the  data  of 


<-t) 


'^i  -n.  (^-ri.-'-a.) 


Steam  and  Smith."    Further,   the  temperature  coeffident     ^   ^^  de- 

dT 

creases  as  the  temperatture  rises  so  that  in  the  neighborhood  of  from  20^ 

to  25®,  it  is  quite  small.    From  the  values  of  a',  /S',  and  f»'  in  Table 

III,  [i]  was  calculated  and  thence  '^{  T  )  I    and  M  i  )  I      ^^^  obtained 

by  Equation  21.    The  temperature  coefficient  at  25®  was  taken  as  the 

difference  P*(r)|    ""WaJI    I  divided  by  5.     This  mean  coefficient 

is  slightly  higher  than  the  true  coefficient  at  25®  and,  consequently,  when 
Aif  is  calculated  from  this  value,  it  should  be  slightly  greater  thah  the 
observed  result.  The  final  results  of  this  calculation  are  given  in 
Table  IV. 

Tabids  IV 
Final  Results 

(-AH) 
Reversible 
molal  heat  of 
^  dilution  (calories) 

1.000  0.03207  0.03198  0.000018  <-  3.2 

2.000  0.06659  0.06623  0.000072  <-12.7 

3.000  0.1024  0.1013  0.00022  <-38.3 

Steam  and  Smith  obtained  (-30.0)  at  3.16  M;  (-10.8)  at  1.6  M;  and 
(—3.2)  at  0.8  Af.  This  is  excellent  agreement,  and  a  splendid  verification 
of  the  correctness  of  the  original  activity  coefficients. 

3.  The  Activity  Coefficients  of  Sodium  Chloride  and  Hydrochloric  Acid 

Solutions. 

The  same  method  as  used  in  the  calculation  of  the  activity  coefficients 
of  potassium  chloride  is  employed  with  sodium  chloride  solutions,  and  need 

only  be  described  briefly.    The  log  Iv^ — )  was  plotted  against  log  c 

»  Steam  and  Smith,  Traa  Journai,,  42,  18  (1920). 

Digitized  by  LjOOQ IC 


264 


HERBERT  S.  HARNED. 


using  the  freezing-point  data  of  Harkins  £tnd  Roberts/*  and  Fliigel.* 
The  plot  is  shown  in  Fig.  4  from  which  ai'=w'=0.413;  and  ft' =0.720 
which  by  Equation  27  gives  j8'  =  0.288.  Using  these  values  in  Equation  3, 
we  obtain  Fa(,.i)  =  0.774.  Assigning  the  value  of  0.100  to  a'  and  em- 
ploying Equation  2,  Fa(^i)  =  0.792.    This  value  will  be  accepted.    The 
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activity  coeflScients  at  concentrations  above  0.1  M  can  now  be  calculated 
from  the  electromotive-force  data  of  AUmand  and  Polack^^  and  of  Hamed.'* 
These  are  compiled  in  Table  V. 

Tabids  V  / 

Activity  Cobppicibnts  at  Concentrations  above  0.1  Moi^ai,^ 


c 

Fa'Cobs.) 

Fa'  (obs.)             Fa'  (calc.) 

A.  and  P. 

Hanied                 a' =0.100 
/5'=0.286 
m' -0.407 

0.1003 

0.791 

0.791                  0.792 

0.301 

. . . 

0.691                  0.715 

0.6034 

0.686 

0.671                   0.674 

1.022 

0.663 

0.664                   0.661. 

2.000 

0.693                   0.679 

3.196 

0.735 

0.726 

6.12  (sat.) 

1.019 

1.033 

Using  the  sedata,  log    - 

C 

has  been  plotted  against  log  c 

A  straight  line  is  obtained  when  a' =  0.100.  From  this  plot  /3'  =  0.286 
and  w'= 0.407  which  is  again  excellent  agreement  with  the  values  of  the 
same  constants  from  freezing-point  data.  The  values  of  a\  /3',  and  m' 
differ  to  a  considerable  extent  from  those  computed  by  the  same  method 
from  the  results  in  Table  XIV  of  Lewis  and  Randall's  paper.  From  their 
data  are  obtained  a' =  0.140;  /3'= 0.335;  and  m'= 0.480. 

>•  Harldns  and  Roberts,  Tms  Journal,  38, 2676  (1916). 

n  Allmand  and  Polack,  /.  Chem.  Soc„  115,  1020  (1919). 

w  Hamed,  Tms  Journal.  40, 1462  (1918). 
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•  Fig.  5  also  cx)ntams  the  plot  of  log    j— ^  + «'  I  against  log  c  for 

hydrochloric  acid  solutions.  The  activity  data  were  taken  from  the 
electromotive-force  data  of  EUis,^*  and  Noyes  and  Ellis.*^  From  this 
plot,  a'=0.200;  /S'=0.286;  and  m'=0.434. 
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Table  VI  contains  a  summary  of  the  values  for  the  parameters  a', 
/?',  and  m'  obtained  in  this  paper  and  the  values  of  a,  /3,  and  m  computed 
therefrom  for  the  individual  ions  on  the  assumption  that  ^aj^=Fa^,  and 
that  the  ions  act  independently.'  These  values  for  the  independent  ion- 
activity  coefficients  are  to  be  regarded  as  an  approximation  and  are 
subject  to  change  as  a  result  of  further  accumulation  of  evidence. 


a' 

Tabi^B  VI 
SuiacART 
KCl 
0.070 

NaCl 
0.100 
0.286 
0.407 
Na+ 
0.130 
0.280 
0.417 

HCl 
0.200 

/3' 

m' 

0.292 

0.396 

0.288 
0.434 

a. ...... . 

0.070 

H  + 
0.330 

/5 

Iff 

0.292 

0.396 

0.284 
0.471 

These  values  substituted  in  Equations  12,  20  and  22  will  give  numerical 
equations  by  means  of  which  the  vapor  pressures  and  osmotic  pressmres 
of  these  solutions  at  25**  may  be  accurately  calculated. 

4.  Calculation  of  the  Colligatbe  Properties  of  Other  Electrolytes. 
The  values  of  a\  p\  and  m'  for  the  different  electrolytes  in  Table  XIV 
in  Lewis  and  Randall's  paper  have  been  obtained  by  the  same  method  as 

»  Ellis,  This  Journai,,  38, 737(1916). 
•Noyes  and  Ellis,  ilnd.,  39,  2632(1917). 
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above  and  compiled  in  Table  VII.  In  the  second  column  are  given  the 
ranges  of  concentration  over  which  the  values  of  the  constants  may  be 
regarded  as  valid.  The  values  of  these  parameters  with  the  possible 
exception  of  Uthijum  chloride  and  hydrochloric  add  are  not  as  accurate  as 
the  values  in  Table  VI  and  are  subject  at  any  time  to  revision. 

Tablb  VII 

Values  Caixuz^ted  from  Lewis  and  Randau^'s  Paper 
Range  of 

Electrol3rte  validity 

UC1(26*^) 0.01-3 

KNOt O.Ol-O.l 

AgNO, 0.01-5 

KIOi,  NalOa O.Ol-O.l 

BaCl, 0.01-0.1 

CMCl2(25°) 0.01-0.1 

KiSO* O.Ol-O.l 

H1SO4 0.01-3 

U(N0,)8 0.01-0.2 

MgS04 0.01-0.1 

CdSO* 0.01-0.2 

CUSO4 0.01-0.6 

By  using  Equation  12  or  16,  accurate  values  of  the  vapor  pressures  of 
these  solutions  may  be  computed;  and  by  using  Equation  22  the  osmotic 
pressures  may  be  obtained. 

S.  The  Limit  of  VaUdity  of  Equation  2. 

In  all  cases  yet  studied,  Equation  2  has  been  fotmd  to  hold  within  the 
present  experimental  error  throughout  the  entire  concentration  range  of 
available  data  with  the  exception  of  sulfuric  and  hydrochloric  adds.    Lewis 
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and  Randall  have  obtained  the  activity  coefficients  of  sulfuric  acid  from 

[log  Fa  1 
h  a'  I  against  log  c  is  shown 
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in  Fig.  6  whence  can  be  seen  that  the  curve  departs  from  a  straight  line 
above  3  M  concentration. 

Summary. 

1.  On  the  basis  of  an  empirical  equation 

log /?•.'= a'c-zS'c"*'  (2) 

which  relates  the  activity  coefficient  of  an  electrolyte  with  the  molal 
concentration  at  a  given  temperature,  and  Duhem's  equation,  equations 
are  derived  for  calculating  the  vapor  pressm-es  of  solutions  at  this  tem- 
perature. 

2.  A  rigorous  test  was  made  of  the  validity  of  Equation  2.  It  was  found 
to  hold  for  all  electrol)rtes  throughout  the  concentration  ranges  where 
available  data  were  examined  with  the  exception  of  sulfuric  and  hydro- 
chloric acids.    In  these  cases  it  holds  up  to  3  M  concentration. 

3.  A  very  careful  and  exhaustive  study  of  the  activity  coefficients  of 
potassium  chloride  solutions  has  been  made. 

4.  A  careful  but  less  exhaustive  study  of  the  activity  coefficients  of  so- 
dium chloride  solutions  and  hydrochloric  acid  solutions  has  been  made. 

5.  Values  of  the  parameters  of  Equation  2  obtained  for  the  above  3 
and  numerous  other  electrolytes  have  been  collected  and  tabulated,  from 
which  the  vapor  pressiu-es  and  osmotic  pressures  of  their  solutions  may  be 
calculated. 

It  is  thought  that  the  equation  and  method  here  employed,  although 
empirical  and  an  approximation  will  prove  useful  in  testing  the  consistency 
and  accuracy  of  activity  data  and  also  will  prove  of  some  service  in  organiz- 
ing the  colligative  data  of  concentrated  solutions. 

Pnn^ADSU'HIA,  PBNNSn^VANIA. 


(CONTEIBUTION  FROM  THB  BUREAU  OP  STANDARDS,  U.  S.  D^PARTMBNT  OP  CoiumRCE.] 

A  SIMPLE  THEORY  OF  THE  NEPHELOMETER.* 

By  p.  V.  W«u*3. 

Received  November  9,  1921. 

In  recent  years  several  instruments  have  been  developed  using  as  a 
measuring  criterion  the  light  diffusely  reflected  and  transmitted  by  sus- 
pensions, and  variously  called  turbidimeters,  tyndallmeters  and  nephelom- 
eters.  At  present  there  is  on  the  market  the  Kober  nephelometer* 
(a  development  of  the  modification  by  Richards  and  Wells  of  the  Dubosq 
colorimeter)  which  measures  the  ratio  of  the  depths  of  two  suspensions  of 
equal  brightness  either  by  diffuse  reflection  or  transmission. 

These  instruments  are  used  to  obtain  information  about  the  suspension 
^  Published  by  pennissicm  of  the  Director  of  the  Bureau  of  Standards. 
«  Made  by  Elett  Mfg.  Co.,  202  E.  46th  St.,  New  York  City. 
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The  readings  can  be  correlated  with  the  concentration,  fineness,  and  other 
properties  of  the  suspended  matter  in  a  purely  empirical  way,  but  a  the- 
oretical basis  for  such  experimental  studies  is  preferable.  Unfortimately 
the  optics  of  turbid  media  are  extremely  complicated,  but  simple  con- 
siderations are  sufficient  to  show  the  general  trend  of  the  phenomena. 

Diffuse  Transmission. 
In  attempting  to  derive  laws  for  the  tyndallmeter,'  the  theory  of  the  late 
Lord  Rayleigh  of  scattering  of  light  by  particles  small  compared  with  the 
wave-length  of  light,  which  explains  the  blue  color  of  the  sky  and  the  hues 
of  the  simset,  has  been  applied  to  dispersoids  without  much  regard  to  the 
size  of  particles;  but  the  particles  of  suspensions  are  large  compared  with 
the  wave-length  of  light,  the  Tyndall  beam  is  whitish  instead  of  deep  blue 
so  that  the  law  of  Rayleigh  does  not  apply.  In  fact,  the  appearance  of 
suspensions  is  due  largely  to  the  effects  of  diffuse  reflection.  Consider 
first  diffuse  transmission.  Ignoring  the  question  of  directional  distribu- 
tion in  the  light  flux,  assume  simply  that  the  same  fraction  —  dJ/J  of 
the  light  is  lost  in  each  thickness  dx  of  the  suspension  traversed.    That  is 

-d/=aJdjc.  ^^^ 

The  coefficient  a  depends  upon  the  concentration  and  size,  distribution  of  the 
particles,  the  optical  properties  of  the  dispersoid,  etc.,  but  it  is  assumed  not 
to  vary  with  the  depth  x.  Integrating,  the  transmission  T  of  a  thickness 
X,  or  ratio  of  transmitted  to  incident  light,  is 

«rexp.(-ax).  (2) 

The  coefficient  a  can  be  taken  to  include  the  true  absorption  of  the 
suspending  medium,  as  well  as  the  obstruction  of  the  light  by  the  particles 
in  its  path,  for  neither  varies  with  the  depth.  But  a  small  fraction  of  the 
obstructed  light  gets  back  into  the  original  beam  after  multiple  reflections 
in  all  directions  among  the  particles,  and  while  this  is  constant  for  any  given 
direction,  more  directions  contribute  as  the  light  becomes  more  and  more 
diffused.  This  secondary  reflection  coefficient  would  therefore  be  expected 
to  increase  with  the  depth,  approaching  a  constant  7  when  the  light  be- 
comes perfectly  diffused.    These  conditions  are  satisfied  by  the  coefficient 

7  [1 — exp.  (-  — )],  where  j5  is  a  constant,  so  that  (1)  may  be  improved  by 

7 
taking 

Integrating,  as  before,  the  transmission  is 


^=exp.|(T-a)x-^Tl-exp.  (-4)1  I.  (4) 


•  W.  Mecklenburg,  KoUoid  Z.,  15,  149  (1914);  16,  97  (1916). 
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Since  the  transmission  must  vanish  for  great  depths,  7  must  be  less  than 
a,  that  is,  only  a  small  part  of  the  diffusely  reflected  light  ever  gets  back 
into  the  original  beam.  Equation  4  is  too  complicated  to  be  useful, 
but  when    fix  is  small  compared  with   7  we  have  the  power  series 

exp.(-^*)  =  l-  I  ^  +|(|^)« ,so that  (4)  gives 


7 


[- 


ax  +  lfixy 


]• 


(6) 


neglecting  higher  powers.  Thus,  the  efifect  of  multiple  reflection  drops 
out  completely  to  a  first  approximation  if  it  varies  slowly  with  the  depth, 
and  the  fractional  error  in  Equation  2  is  |  fix^  for  moderate  depths. 


Fig.  1. — Diffuse  transmission. 

This  relation  was  tested  experimentally  on  a  Kober  nephelometer  in  the 
case  of  2  silica  suspensions,  one  containing  a  concentration  of  about 
5X10''*  g.  per  cc.  (50  parts  per  million)  of  material  which  remained  in 
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suspension  20  hours,  the  other  about  12  X  15"'  g./cc.  (120  p.  p.  m.)  of  larger 
particles.  The  latter  will  be  designated  by  the  subscript  1  (Tu  ai,  Xu  etc), 
the  former  by  the  subscript  2.  Two  nicol  prisms  were  mounted  on  one  side 
of  the  instrument,  to  measure  the  transmission  of  the  sample  on  the  other 
side.     In  logarithmic  form,  Equation  5  is 

2.3  log  r-  -  a«  +  -/8««  (6) 

so  that  if  j3  is  smaU,  the  logarithm  of  the  transmission  should  be  nearly 
linear  with  the  depth.  This  is  confirmed  by  the  results  in  Fig.  1.  The 
initial  value  of  log  Tt  (1.942)  is  probably  due  to  imperfect  matching  at 

A  computation  of  the  value  of  j3  after  determining  a  graphically,  is  given 
in  Table  I,  neglecting  transmissions  too  near  100%,  which  are  vitiated  by 
lack  of  precision.  Thus  over  ranges  of  50  mm.  Equation  5  holds  well  within 
the  limit  of  experimental  error,*  the  two  samples  giving,  respectively, 

Ti =exp.  [  -0.0475X1  +  0.000096«iM 

r,=exp.  [  -OmSOxf  +  0.0001633Ci«l.  (7) 

There  is  even  an  indication  in  the  experimental  results  that  the  sign  of  the 
term  in  5^  is  again  negative,  as  would  be  expected  from.the  negative  ex- 
ponential expansion ;  but  the  precision  is  not  sufficient  to  give  this  much 
weight. 

Tablb  I 
DippusB  Transmission 
Depth  Percentage  transmission  ^t  X  10* 


mm. 

Obs. 

Gale. 

(«i-.0476) 

10.8 

60.7 

60.5 

22 

22.4 

35.9 

36.2 

16 

34.1 

22.3 

22.1 

21 

47.4 

12.7 

12.8 

18 

68.1 

6.1 

6.1 

19 

Mean /3i-. 000192 

r, 

ftXlO* 

xt 

(«i-.086) 

20.6 

52.6 

51.8 

37 

29.8 

42.2 

40.3 

40 

35.7 

34.3 

*  34.7 

28 

50.0 

24.2 

25.4 

27 

69.4 

16.6 

18.4 

26 

74.0 

14.9 

17.3 

25 

Mean /9s -.00305 

^  Some  difficulty  was  experienced  in  the  photometric  work  because  the  niools  did. 
not  give  a  perfectly  flat  field. 
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Diffuse  Reflection. 
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Now  consider  a  column  of  the  suspension  viewed  in  the  direction  of  its 
depth  X,  but  uniformly  illuminated  from  the  side  by  a  parallel  beam  of 
intensity,  Ip.  The  portion,  dJ  of  the  reflected  intensity  coming  from  the 
layer  dx  at  the  depth  x  is 

dl^kl.txp.l-ax)dx,  (8) 

the  exponential  representing  the  attenuation  in  transmission.  The  co- 
efficient k  is  probably  more  nearly  constant  than  a,  because  of  the  simi- 
larity in  the  conditions  at  each  layer.  Integrating  (8),  the  reflection  R 
of  a  thicknessy  x,  or  ratio  of  reflected  and  incident  intensities,  is  thus 

-R-md-D  (9) 

where  fn=&/a.  This  is  a  very  simple  expression  for  the  diffuse  reflection, 
giving  its  relation  to  the  diflFuse  transmission.  It  is  obvious  from  (9)  that 
the  reflection  R  increases  toward  the  limiting  value  m  with  increasing 
thidmess  x,  because  the  transmission  T  decreases  exponentially  from  unity 
toward  zero,  as  shown  in  (2),  with  increasing  depth. 


X  ntM. 

Pig.  2.— Diffuse  reflection. 

The  observed  laws  of  reflection  for  the  2  silica  suspensions  before  men- 
tioned are  shown  in  Fig.  2..  Within  the  rather  large  limits  of  experimental 
error  the  reflections  are  distinctly  linear  with  the  depth  even  to  depths  of 
75  mm.  This  does  not  agree  with  Equation  9;  but  that  equation  is  de- 
duced on  the  assumption  that  the  illumination  7o  is  uniform.  This  was 
tested  on  the  Kober  nephelometer.  A  ground  glass  diffusion  screen, 
placed  upon  the  cup  carriage,  increased  in  brightness  approximately 
linearly  with  the  depth,  so  that  the  illumination  lo'  is  more  nearly 
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V-Jo(14-««)  (10) 

where  co  =  0.045. 

Introducing  this  into  (8),  the  reflection  becomes,  in  place  of  (9),  to  a 
second  approximation  in  a%, 


'kx\  1 —-(«—«)«  I 


(11) 


so  that  the  effect  of  the  increase  in  illumination  with  the  depth  is  to  com- 
pensate for  the  attenuation  in  transmission.  The  values  of  the  coefficient 
in  the  second  term  for  the  2  silica  suspensions  are,  respectively,  +0.001  and 
—0.005.  The  latter  i^too  large  to  agree  with  the  results  of  Fig.  2,  but  the 
/3-  term  in  (5)  has  been  neglected  in  deducing  (9)  and  (11). 

From  these  observations  it  is  evident  that  the  law  of  reflection,  as  read 
on  the  nephelometer,  is  a  fixed  fimction  of  the  depth  only  so  long  as  the 
source  of  light  (a  concentrated  filament  lamp)  and  the  collimating  lens 
remain  fixed  in  position,  and  that  this  law  must  be  determined  empirically. 
Moreover,  there  is  no  simple  way  of  adjusting  these  parts,  when  once 
moved,  as  there  is  in  the  case  of  transmission.  Empirical  calibration 
curves  must  therefore  be  frequently  redetermined  for  reliable  results. 


loo 


kf' 


So 


So 


X^  jn.m. 


Fig.  3.— Depth  ratios. 

In  the  Kober  nephelometer  2  suspensions  are  compared  for  diffuse 
transmission,  using  the  opaque  cups  with  transparent  bottoms,  by  varying 
the  depth  Xi  of  one  sample  until  it  matches  the  other  in  transmission. 
It  follows  from  the  small  values  of  j3  in  the  expression  (5)  for  the  transmis- 
sion, that  the  ratio  of  the  depths  {xi/x2)t  of  equi-transmitting  layers' 
is  very  nearly  constant.  The  depth  ratio  {xi/x2)r  for  equi-reflecting 
layers  is  also  approximately  constant,  because  the  reflections  are  nearly 
linear  with  the  depth.     This  was  tested  directly  on  the  nephelometer. 
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with  the  results  shown  in  Fig.  3.  The  average  deviation  of  a  single  de- 
terminatiQn  from  the  mean  of  11  determinations  of  the  transmission  depth 
ratio  was  1.9%;  while  the  a.  d.  of  16  determinations  of  the  reflection  depth 
ratio  was  3%.  These  results  show  that  both  ratios  are  very  nearly  con- 
stant with  changes  in  the  depth. 

Concentration  and  Size  of  Particle. 

In  order  to  measure  the  concentration  of  the  dispersed  phase  upon  the 
nephelometer,  relations  between  this  quantity  and  the  characteristic 
constants  a,  k,  and  m  must  be  known.  Confining  our  attention  to  uniform 
suspensions  (the  simplest  case),  in  which  all  the  particles  are  identical, 
their  size  may  be  specified  by  a  linear  dimension,  d.  For  small  depths  the 
resultant  reflection  is  due  to  light  reflected  from  the  surfaces  of  the  par- 
ticles, so  that  one  would  expect  the  constant  k  to  be  nearly  independent  of 
the  wave-length,  •  and  to  be  proportional  to  the  total  surface  of  the  particles 
per  unit  volume.    This  gives 

*-*'^  (12) 

where  C  is  the  concentration.  The  constant  *'  depends  merely  upon  the 
arrangement  of  the  particles  in  space,  upon  the  refractive  indices  of  the 
two  phases,  the  form  of  the  interfaces,  etc. 

Assuming  Equation  12  it  is  evident  that  the  diffuse  reflection  could  be 
used  as  a  measure  either  of  the  concentration  or  of  the  size  of  particle  of  a 
uniform  suspension  provided  only  that  one  or  the  other  of  these  properties 
is  known  or  is  kept  fixed.  This  is  not  difficult  in  the  case  of  the  concen- 
tration. But  as  suspensions  are  rarely  in  true  equilibrium,*  the  particles 
are  continually  coalescing  to  form  larger  aggregates,  especially  at  high 
concentrations.  For  stable  uniform  suspensions  with  the  same  constants 
(fei'=feOf  (11)  ^^'^  (12)  give  for  the  concentration  ratio  (Ci/Cj)  of  equi- 
reflecting  layers  of  small  depth 

The  same  relation  holds  for  moderate  depths,  if  the  concentration  G, 
size  of  particle  (k,  and  depth  X2  of  one  suspension  be  kept  fixed.  This  is 
what  is  done  in  practise.  A  standard  of  known  concentration,  C2,  is  placed 
in  one  cup  at  a  fixed  depth,  X2.  It  is  then  compared  with  known  dilutions, 
Ci  giving  depths  Xu  Assuming  the  size  of  particle  to  remain  constant 
on  dilution,  this  factor  drops  out.  The  resulting  calibration  curve  may  be 
called  the  dilution  law  (by  reflection)  of  the  instalment  for  this  suspension. 

'  The  finer  a  powder  is  ground,  the  less  color  it  shows. 

*Toliiian  has  shown  that  only  uniform  dispersoids  can  be  in  complete  thermo* 
dynamic  equilibritim.    This  JoyRNAi.,  35, 317  (1913). 


(13) 
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Some  reflection  dilution  laws  are  given  by  Kober'  in  his  article  on 
nephelometry.     He  finds  his  results  to  be  well  fitted  by  the  formula 


©.-t[-<'-t)] 


This  is  a  single-constant  form  of  second  approximation.    Another  single- 
constant  formula  of  a  somewhat  more  flexible  type  is 


(15) 


This  gives  for  Kober's  results  on  ammonia  {=0.9342,  very  nearly  unity, 
and  agrees  to  0.1%.  The  constant  f  is  most  simply  determined  graph- 
ically. The  logarithms  of  the  depths  and  concentrations  are  plotted, 
and  the  slope  of  the  resulting  straight  line  is  f.  An  approximate  form  of 
(15)  is  very  convenient  for  the  slide-rule,  and  suffices  for  ratios  near  unity. 
When  5=  1 — t  is  small 


t'lH'-t)] 


This  is  of  the  same  form  as^  Kober's  but  with  the  depth  ratio  as  the  inde- 
pendent variable,  which  is  more  convenient.  For  example,  in  Kober's 
data  (ir:i  =  29.2,  ^2  =  20,  Ci/C2  =  0.7),  Equation  16  gives,  since  5  =  1-0.934  = 
0.066,  Ci/C2  =  . 685(1+0.066X0.315)  =0.700  which  is  exact  to  0.1%. 
The  error  at  Ci/C2  =  0.5  is  1.4%.  A  single  determination  (10  readings) 
is  seldom  precise  to  0.5%,  and  may  contain  much  larger  inaccuracies,  due 
to  settling,  imperfect  washing,  bubbles,  etc.*    The  constant  B  is  easily 

obtained  directly  from  observed  values  of  f  — TZ""/ 1 

The  departure  of  (15)  from  the  first  approximation  (13)  is  probably  due 
to  secondary  optical  effects,  but  a  slight  breaking  up  of  the  partides  on 
dilution  would  explain  observed  values  of  the  exponent  {  in  (15)  less  than 
unity.  The  known  difficulty  of  producing  stable  suspensions,  and  the 
tendency  of  the  particles  to  coalesce  at  high  concentrations  renders  this 
explanation  not  altogether  improbable.  Equation  13  also  indicates 
that  the  ratio  of  the  sizes  of  particle  of  two  uniform  suspensions  of  the 
same  material  and  concentration  is  equal  to  the  depth  ratio  at  equal 
reflection. 

The  transmission  constant  a  is  the  ratio  of  the  reflection  constants  k 

^  Kobcr,  /.  Ind,  Eng.  Chem.,  10, 562  (1918). 

'  The  mean  of  6  determinations  at  depths  between  10  and  30  mm.  on  the  Kober 
Nephelometer  under  good  conditions  gave  for  the  average  deviation  of  a  single  observa- 
tion from  means  of  ten,  2.1%.  This  corresponds  to  a  probable  error  in  the  mean  of 
0.56%;  but  two  consecutive  determinations  on  the  same  suspension,  one  with  the  left  cup 
fixed  at  10  mm.,  the  other  with  th^  right,  gave  depth  ratios  differing  by  2%. 
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and  m.  Now  it  seems  reasonable  to  assume  that  m  is  independent  of  the 
concentration  and  size  of  particle.    Then  (12)  gives 

a^a'2  (17) 

where  a'^V jm  is  a  constant,  independent  of  the  depth,  concentration, 
and  size  of  partide.  If  this  constant  is  the  same  for  2  suspensions,  (2) 
and  (17)  give  at  equal  transmission 


(18) 


a  first  approximation  of  exactly  the  same  form  as  (13)  for  reflections. 
Hence  the  depth  ratio  on  dilution  should  be  approximately  the  same, 
whether  determined  by  reflection  or  by  transmission.  This  was  verified 
on  the  Kober  nephelometer,  using  the  silica  suspension  (No.l),  before 
mentioned.  The  concentration  ratio  was  meastu-ed  at  six  dilutions  from 
1  to  4,  and  the  exponent  f  in  (15)  determined  for  the  best  straight  line  by 
Pearson's  method  of  moments  (in  this  case  the  same  as  the  method  of 
least  squares).  By  reflection  the  value  of  {  was  0.924,  by  transmission 
0.904,  a  very  close  agreement.  This  indicates  that  the  reflection  constant 
m  is  practically  independent  of  the  concentration,  and  again  favors  the 
supposition  that  the  particles  break  up  on  dilution. 

The  depth  ratio,  either  by  reflection  or  by  transmission,  can  be  used  to 
measure  the  ratio  of  size  of  particle  {di/dt)  in  two  imif  orm  suspensions  with 
the  same  constant  {k'  or  a')  and  of  known  concentrations.  For  Equations 
13  and  18  state  that  the  particle  size  is  in  the  same  ratio  as  the  depths.* 
But  while  finer  suspensions  transmit  less  light  per  unit  depth  than  do 
coarser  ones  of  the  same  material  and  concentration,  more  light  is  diffusely 
reflected  by  the  finer  suspensions. 

Summary. 

The  fact  that  the  depth  ratios  by  reflection  and  by  transmission  are  equal 
might  lead  one  to  think  that  either  method  could  be  used  with  the  same 
result.  But  this  is  so  only  in  an  intermediate  range  of  concentrations. 
For  extremely  dilute  suspensions,  say  less  than  lO""'  g.  per  cc,  the  trans- 
missions are  quite  insensitive,  while  the  reflection  measurement  remains 
sensitive  right  down  to  the  threshold  of  vision.  By  increasing  the  incident 
intensity  the  present  Lord  Rayleigh  has  been  able  to  measure  the  light 
scattered  by  gas  molecules.  On  the  other  hand,  for  very  turbid  suspensions 
the  transmission  probably  follows  less  complicated  laws.  Although 
masses  in  suspension  much  too  small  to  be  detected  by  the  most  delicate 
balance  can  be  easily  measured  in  a  Tyndall  beam,  the  precision  of  such  a 
*  The  depth  ratio  by  transmission  has  been  utilized  by  Bleininger  and  Pendergast 
Jn  dassifying  day  suspensions  according  to  fineness  (to  be  published  in  the  J.  Am. 
Ceramic  Soc.). 
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measurement  can  never  exceed  that  of  the  best  photometry,  that  is, 
about  0.2%.  For  sensitive  and  rapid  work  it  takes  its  place  with  other 
volumetric  methods. 

The  phenomena  of  diffuse  reflection  and  transmission  are  much  more 
complicated  than  is  here  represented,  many  secondary  effects  occurring 
that  cannot  be  neglected  The  experimental  dilution  law  is  an  example  of 
the  departures  which  are  to  be  expected.  Moreover,  the  particles  are 
usually  distributed  in  size,  and  must  be  studied  statistically.  But  the 
simple  theory  represents  the  general  march  of  the  phenomena,^®  and  it 
may  serve  as  a  point  of  departure  for  experimental  investigations. 

WASmNGTON,  D.  C. 
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i.    Introduction. 

There  is  a  large  group  of  substances  of  the  type  RiMHU  where  R  is 
potassium,  rubidium,  cesium,  or  ammonium;  M  is  one  of  the  platinum 
metals  or  tin,  antimony,  selenium,  tellurium  or  lead;  and  HI  is  one  of 
the  halogens,  chlorine,  bromine  or  iodine.  Although  few  members  of 
this  group  have  been  thoroughly  studied  crystallographically,  many  of 
them  are  apparently  isomorphous*  and  belong  to  the  cubic  S3rstem.  They 
crystallize  chiefly  in  octahedra,  and  show  a  very  good  octahedral  cleavage. 
There  are  in  addition  other  salts,  such  as  KjSiFr,  which  have  similar  cubic 
modifications. 

Since  the  crystal  structures  of  these  salts  presumably  differ  only  in 
detail,  the  determination  of  the  structures  of  one  or  two  of  them  by  means 
of  X-rays  should  furnish  the  key  to  the  group  as  a  whole.**  Potassium 
chlorostannate  (KjSnCU)  was  chosen  for  the  investigation,  since  definite 

"  See,  for  example,  R.  C.  Tolman  and  otherr.,  Tras  Journal,  41,  676  (1919). 
ToUnan's  tyndallmeter  measures  the  diffuse  reflection  of  a  single  sample  at  right  angles 
to  the  incident  beam.  The  (fixed)  depth  is  small,  so  that  Equations  11  and  12  apply. 
The  diameter  of  particles  is  found  to  be  fairly  linear  with  the  concentration  over  con- 
siderable ranges. 

^  National  Research  Fellow  in  Chemistry. 

'  Groth,  "Chemische  Krystallographie,"  Engelmann,  Leipzig,  4906,  vol.  1,  p.  467. 

*•  Since  the  submission  of  this  paper  for  publication  the  determination  of  the 
structure  of  another  crystal  of  this  series  has  been  published  by  Wyckoff  and  Posnjak 
(This  Journal,  43, 2292  (1921)).  Their  rssults  are[in  entire  agreement  with  those  de- 
scribe bei^  and  afford  an  interesting  comparison  of  interatomic  distances. 
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crystallographic  information'  is  available,  and  since  sufficiently  good 
crystals  can  be  prepared.  Ammonium  chlorostannate  ((NHOtSnCU) 
was  also  found  to  give  good  crystals,  and  it  was  studied  to  confirm  the 
work  on  the  potassium  salt. 

All  of  the  X-ray  data  were  obtained  photographically.  Two  methods 
of  experimentation  were  used:  (1)  characteristic  X-rays  were  reflected 
from  single  faces  of  the  crystals,  and  line  spectra  obtained;  (2)  general 
radiation  was  passed  perpendicularly  through  slips  of  crystal  cut  at  a  small 
angle  with  an  important  face,  and  tmsymmetrical  Laue  photographs  ob- 
tained. 

n.    Spectral  Photographs  of  Potassium  Chlorostannate. 

The  method  used  in  obtaining  the  line  spectra  was  similar  to  that  used 
by  Wyckoff,*  in  that  the  X-rays  were  allowed  to  fall  simultaneously  on 
the  crystal  imder  investigation  and  on  a  reference  crystal,  the  two  crystals 
being  moimted  one  above  the  other  on  a  holder  oscillating  about  an  axis 
in  the  plane  of  the  crystal  faces.  The  rays  reflected  from  both  crystals 
were  registered  on  a  photographic  plate  placed  perpendicularly  to  the 
incident  beam.  The  K  radiation  from  a  rhodium  target  was  used,  and  the 
lines  measured  were  P  and  ai,  (wave  lengths' 0. 5453  and  0. 6121  A.,  respec- 
tively), and  for  reference,  the  (100)  face  of  calcite  was  used  (d  =  3. 028A.). 
Spectra  of  more  than  one  order  appeared  on  the  photograph;  and  since 
a  rough  comparison  of  the  intensities  was  useful  in  the  present  case,  it 
was  attempted  to  make  the  intensities  reliable  by  choosing  a  sufficiently 
large  crystal,  using  a  narrow  slit,  grinding  the  face  carefully,  and  oscillating 
with  uniform  velocity. 

The  crystals  of  potassium  chlorostannate  were  prepared  either  by  the 
slow  evaporation  or  by  slow  cooling  of  a  solution  of  stannic  chloride  and 
potassium  chloride  to  which  a  small  amount  of  hydrochloric  acid  was  added. 
Two  density  determinations  each  gave  the  value  2. 71  g./cc.  The  values 
quoted  by  Groth  are  2.687  and  2.700. 

The  photographs  were  treated  in  the  following  manner.  First,  the 
angle  of  reflection,  6,  of  each  calcite  line  was  calculated,  using  the  equation 
wX  =  2d  sin  6,  in  which  X  and  d  are  known.  From  these  the  values  of  tan 
26  were  obtained.  Then  an  arbitrary  straight  line  was  fixed  on  the  photo- 
graph parallel  to  the  spectral  lines.  The  distance  of  each  spectral  line 
from  the  arbitrary  line  was  measured.  This  distance  is  evidently  a  linear 
function  of  tan  20.  The  measured  distances  for  calcite  were  plotted  against 
the  corresponding  values  of  tan  2$  and  a  straight  line  was  drawn.  From  this 
graph  the  values  of  tan  2B  for  the  crystal  imder  investigation  were  immedi- 
ately taken.     It  was  thus  possible  to  measure  the  angles  of  reflection 

«Ref.   2,   p.   488. 

*Wyckoff,  Tms  Journal,  42,  1102  (1920).. 

•  Puane,  l^oi.  Research  Council,  Bull.  1,  No.  6  (1020). 
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without  a  knowledge  of  either  the  distance  of  the  plate  or  the  center  of  the 
central  image. 

Tabls  I 
R:SPi.BcnoN  Data  for  Potassium  Cblorostannats 

Observed  angle 
Plane    Line      of  reflection  z  *  *••  Intensity 

(110) 

Medium 

Strong 

Strong 

Strong 

Weak 

Medium 

A. 

Calc.  from  density    9 .  99 

The  angles  of  reflection  obtained  in  this  way  are  given  in  the  third 
column  of  Table  I.  The  order  of  each  spectrum  is  in  the  first  instance 
imknown.  If  the  crystal  be  regarded  as  built  up  by  the  repetition  on  a 
simple  cubic  lattice  of  a  tmit  structure  containing  m  molecules  of  KsSnCU 

then  —  =  I  —  ==-  )  —  where  Af  is  the  molecular  weight,  p  the 

^       \XVfc»  +  k^  +  /»/  ^P 

density,  and  N  the  Avogadro  number,*  6. 062  X  10*'.  For  the  first  spec- 
trum from  the  (110)  face  the  value  of  n^/m  is  evidently  2,  and  for  that 
from  the  (111)  face  it  is  V4*  Since  n  is  an  integer  in  each  case  and  m  is 
presumably  a  submultiple  of  192,  there  are  evidently  either  4  or  32  mole- 
cules per  imit  of  structure.  On  the  simpler  assumption  of  4  molecules, 
the  first  spectrum  from  (1 10)  is  of  the  second  order,  and  the  first  from  (111) 
is  of  the  first  order.    The  repetition  distance  dioo  of  the  lattice  may  now  be 

calculated  from  the  formula  dioo  =  "Z — r-r .     The  values  so 

Z  Stfl  u 

obtained  are  given  in  the  sixth  column. 

in.    Application  of  the  Theory  of  Space  Groups. 

The  theory  of  space  groups  will  now  be  applied  to  the  foregoing  data, 
taking  the  point  of  view  outlined  by  Wyckoflf.^ 

There  appears  to  be  no  crystallographic  evidence  that  the  symmetry 
of  potassium  chlorostannate  is  less  than  that  of  the  holohedry  of  the  cubic 
•  Millikan,  Proc.  Nat.  Acad.  Set.,  3,  314  (1917). 
y  WyckofF,  Am.  J.  Set.,  1,  127  and  138  (1921). 
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system.  However,  there  is  not  much  positive  evidence  of  holohedry. 
As  no  evidence  of  dissymmetry  was  observed  in  the  Laue  photographs 
described  below,  the  atomic  arrangement  probably  has  a  symmetry  iso- 
morphous  with  that  of  one  of  the  point-groups'  T**,  O,  or  O^;  a  considera- 
tion of  the  s)rmmetry  alone  of  the  photographs  takes  us  no  further  than 
this,  since  apparently  all  crystals  behave  toward  X-rays  as  if  they  possessed 
a  center  of  S3rmmetry. 

It  will  be  asstmied  that  all  of  the  potassium  atoms  are  equivalent, 
likewise  all  of  the  tin  atoms.  From  a  chemical  point  of  view,  it  might 
seem  reasonable  to  assume  that,  among  the  chlorine  atoms,  two  are  not 
equivalent  to  the  other  fotu-.  Then  since  there  are  either  4  or  32  KjSnCU 
groups  per  unit  of  structure,  a  space  group  is  required  which  gives  either 
8,  4,  8,  and  16,  equivalent  positions  per  unit  of  structiu*e,  or  64,  32,  64, 
and  128  such  positions.  But,  according  to  the  tabular  summary  given 
by  Niggli,'  no  cubic  space  group  has  this  property.  If  the  assumption 
is  made  that  all  of  the  chlorine  atoms  are  equivalent,  the  proper  space 
group  should  give  either  8,  4,  and  24  positions,  or  64,  32,  and  192  positions. 
The  same  table  indicates  that  the  space  groups  O*,  O',  O*,  O^,  and  0^*  and 
Oh*  are  possible  with  4  KjSnCU  groups  per  imit,  and  Oh*,  with  32  per  unit. 

The  coordinates  defining  all  of  these  arrangements  need  not  be  given. 
It  may  be  said  that  those  derived  from  the  space  groups  O^,  O*,  0^  and  Oh* 
make  it  difficult  to  accoimt  for  the  fact  that  in  the  Laue  photographs 
described  below,  first  orders  of  reflection  do  not  appear  in  planes  having 
any  even  index.  The  more  complicated  arrangement  derivable  from  Oh* 
has  been  discarded  for  a  similar  reason.  The  two  types  of  arrangement 
derived  from  O*  are  identical  with  those  from  Oh*. 

In  either  arrangement  derived  from  Oh*  the  coordinates^®  of  the  po- 
tassium and  tin  atoms,  placing  dioo  equal  to  imity,  are  as  follows.^^ 

K:  0AV4,V0  OA'A'A)  CAVi^'A)  CA, 'A,  VO  CA'A'A)  OA. 
V4.V4)    (V4.V4.V4)    (V4.V4.V4). 

Sn:    (0,  0,  0)     (Vi.  Vt.  0)     (Vt.  0,  VO     (0,  V..  V«). 

There  are  two  possible  arrangements  for  the  chlorine  atoms,  as  follows. 

Anansement  I.    CI:  (V4,   V4.  0)     (V*.  V4,  0)     (V4.  V4.  0)     (V4.  V4,  0)     (V4, 

V4.  Vt)     (V4.  V4.  Vt)     (V4.  V4.  Vt)     (V4.  V4.  Vt)     (0,  V4.  V4)     (0,  V4.  V4)     (0. 

V4.  V4)    (0,  V4.  V4)    (Vt.  V4.  V4)    (Vt.  V4.  VO  (Vt.  V4.  V4)    (Vt,  V4.  V4)    (V4. 

0.     V4)       (V4.     0.     V4)       (V4.     0,     V4)        (V4.     0,     V4)    (V4.     Vt.    V4)        (V4.     Vt,    V4)        (V4. 

V.>  V4)    (V4>  v..  V4). 

'Schdnflies,  "Krystallsysteme  tind  Kjystallstructure/'  Teubner,  Leipzig,  1891,p.229. 

*Niggii,  "C^eometrische  Krystallographie  des  Diskontinuums/'  Gebrilder 
Bomtralger.  Leipzig,  1919,  p.  40;#lso  Physik.  Z.,  19,  229  (1918). 

*•  The  codrdinates  for  these  si)ecial  cases  were  derived  from  those  for  the  general 
case  given  by  Schdnflies  (Ref.  8,  p.  649). 

"  The  tin  atoms  might  be  placed  at  (Vt.  Vt,  Vt)  (Vt,  0,  0)  (0,  Vt.  0)  (0,0,  Vt); 
but  the  resulting  arrangement  would,  with  a  suitable  alteration  in  the  value  of  »  in 
Case  II,  be  identical  with  that  given. 
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Anangement  n.    CI:  (u,  0,  0)     (fl,  0,  0)     (Vi  +  u,  Vi.  0)     (Vi-u,  Vi.  0)     (Vt 

+  u,  0.  Vi)  (Vt-u,  0,  Vi)  (u,  v..  VO  (Q.  Vi,  Vt)  (0.  u.  0)  (0.  fl.  0)  (0,  V. 
+  u,  Vt)  (0,  Vt-u,  Vt)  (Vt,  Vt  +  u,  0)  (Vt,  Vt-u,  0)  (Vt,  u,  Vt)  (Vt,  a, 
Vt)  (0,0,  u)  (0,0,  a)  (Vt,o,  Vt  +  u)  (Vt,o,  Vt-u)  (o,  Vt.Vt  +  u)  (o,  Vt. 
Vt-u)    (Vt.  Vt,u)    (Vt,Vt,Q). 

To  distinguish  between  these  two  possibilities,  use  will  be  made  of  the 
expression  I  =  f(d/n)  (A*  +  B*).  Here  I  is  the  intensity  of  reflection/ 
i((i/n)  will  be  asstimed  simply  to  have  smaller  values,  for  a  given  wave- 
length, the  smaller  is  d/n.  In  all  cases  tmder  consideration,  £  =  0. 
The  following  are  the  values  of  A  for  the  (llOJ  and  (HI)  planes. 

Arraiigement__I. 
(110)    A  ''2Sa{l  +  cos  w  n)  +AK(l  +  cos  wn)  + 

3m> 


(111) 


A  -4Sn+4K(c»f^  +  <»i^j  +  12C1(1  + 


(1  +  cosm  +2  COS --  +  2  COS  —  V 
2  2  J 


cosvn). 


Arrangemeiit   H. 
(110)    A  »  2  S  (1  +  A?f  «9»)  +  4  K  (1  +  CM  «ii) 


(111) 


+  4  CI  (1  +  cos  wn -{- 2  cos  2wnu  -{-  2  cos  2wn 
cos -J  +  cos  Y  )  +  24  a  C05  2m«. 


(-^) 


An  inspection  of  these  equations  shows  that  for  odd  values  of  n  the  value 
of  A  becomes  identically  zero  for  the  (110)  plane  but  not  for  (111),  and  that 


Fig.  1.— Values  of  A  for  KiSnCU  (110). 

for  even  values  of  n  the  value  of  A  does  not  become  zero     This  agrees 
with  the  observations. 

Since  the  intensity  of  the  fourth  order  frctai  (110)  was  actually  greater 
than  that  of  the  second,  it  is  dear,  even  without  any  quantitative  assump- 
tion as  to  the  "normal  decline"  of  intensity,  that  A  for  the  fourth  order 
should  be  greater  than  A  for  the  second.  By  similar  reasoning,  for  (111), 
A  for  the  fourth  order  should  be  much  greater  than  A  for  the  third,  and 
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A  for  the  second  should  probably  be  greater  than  A  for  the  first.  ^^  Actu- 
ally, all  these  conditions  are  satisfied  by  the  first  arrangement.  Taking 
the  reflecting  powers  as  proportional  to  the  atomic  numbers,  for  (110), 
At'.Ai  =  216:760,  and  for  (111),  Ai:  AjrAsiA*  =  200:456:200:760.  In 
order  to  determine  whether  any  value  of  u  can  be  found  which  gives 
suitable  values  of  A  with  the  second  arrangement,  the  values  of  A  for  the 
various  reflections  have  been  plotted  against  u,  all  possible  values  of  which 
lie  between  0.0  and  0.5.  These  plots  for  (110)  and  (HI)  are  given  in 
Figs.  1  and  2,  respectively.  It  will  be  seen  that  for  a  range  of  values  of 
« in  the  neighborhood  of  V^i  all  the  conditions  are  satisfied.    The  numeri- 


Fig.  2.—Values  of  A  for  KSnCU  (HI). 

cal  values  of  A  when  u  =  V*  are  :  for  (110),  A2:Ai<=  216:760,  and  for 
(HI),  AiiAtiAtiAi  =  200:360:200:760.  It  is  concluded  that  either 
Arrangement  I  or  Arrangement  II  is  possible,  and  that  if  II  is  the  correct 
arrangement,  the  value  of  u  lies  between  0.2  and  0.3.  To  discriminate 
between  these  two  arrangements  and  to  apply  further  tests  to  the  structure 
arrived  at,  use  was  made  of  Laue  photographs. 

IV.    Laue  Photographs  of  Potassium  Chlorostannate. 

The  source  of  X-rays  for  the  Laue  photographs  was  a  Coolidge  tube  with 
a  tungsten  target,  operated  at  a  peak  voltage  of  approximately  54,000. 
The  shortest  wavelength  present,  calculated  from  the  well-known  relation 
Ve  =  hp,  was  accordingly  0. 23  A.  Photographs  were  made  with  an  X-ray 
beam  passed  at  small  inclinations  from  the  perpendicular  to  the  (111) 
and  (100)  faces,  the  crystals  being  5  cm.  from  the  plate.  One  was  made 
with  the  beam  closely  perpendicular  to  (111). 

On  these  photographs  250  or  more  spots  ordinarily  appeared.  Gno- 
"  The  very  small  angle  of  reflection  of  the  first  order  from  (111)  makes  its  intensity 
less  rdiable  than  the  others. 
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monic  projections  were  made  graphically^'  from  the  photographs,   and 

from  these  projections  the  indices  of  each  spot  were  obtained.    The 

distance  of  each  spot  on  the  photograph  from  the  central  image,  combined 

with  the  distance  from  crystal  to  plate,  determined  each  angle  of  reflection. 

The  value  of  nX  for  each  spot  was  then  calculated  using  the  expression 

2  cfioo  sin  6  , 

nX  =  ===  putting  di9o  equal  to  9.96  A.  as  found  in  Section  II. 

The  smallest  value  of  nX  fotmd  for  any  plane  having  all  odd  indices 
was  0 .  26,  and  for  any  plane  having  any  even  index,  0 .  57.  Thus  no  planes 
with  any  even  index  were  found  reflecting  in  the  first  order.  That  these 
facts  are  accounted  for  by  either  of  the  structiu*es  given  in  the  previous 
section  may  be  seen  from  an  examination  of  the  values  of  A.  The  planes 
may  conveniently  be  divided  into  three  classes  according  to  the  character 
of  the  indices. 

Arrangement  I.  

Class  J.    All  indices  odd.    n   «   1;    i4    =>  4  Sn. 

Class  2.    One  index  even,    n  =  1;   i4   =  0.    n  =  2;   i4   =  4^-f8K^-8cr. 

Class  3,  Two  indices  even.  »  =  1;  i4  =  0.  n  =  2\  A  ^  4Sn-8  K-8  CI. 
Arrangement  II.  _ 

Class  J.  All  indices  odd.  n  =  l;  A  =4Sn-h  8Cl(co5  2irhu  -f  cos  2'wku'\'C05 
2r/tt).  _         _         _ 

Class  2.  One  index  even,  n  ■=  1;  i4  »  0.  n  =  2;  i4  =  4Sn  +  8K  +  8C1  {cos 
Awhu  +  cos  Airku  -h  cos  4t/«). 

Class  J.  Two  indices  even,  n  =  1;  i4  =  0.  »  =  2\A  =  4Sn— 8K  +  8C1  {cos 
Aiwhu  +  cos  4irku  -f  cos  4r/tt). 

The  relative  intensities  of  spots  due  to  planes  of  Class  I  will  now  be 
considered.  Numerous  instances  were  found  in  which  a  plane  reflected 
in  the  first  order  somewhat  more  strongly  than  another  plane  having  a 
larger  spacing.  For  instance,  a  plane  of  the  form  { 911 } ,  with  spacing  1 .  09 
A.,  was  found  to  reflect  more  strongly  than  one  of  the  form  {731 },  with 
spacing  1 .  30  A.,  both,  of  course,  at  the  same  wavelength,  and  a  plane  of 
the  form  {953},  with  spacing  0.929  A.,  reflected  at  least  twice  as  strongly 
as  one  of  the  form  {773},  with  spacing  0.963  A.  In  some  cases  where 
two  forms  which  it  was  desired  to  compare  gave  no  planes  reflecting  the 
same  wavelength,  the  method  of  plotting  estimated  intensities  against 
wavelength  was  employed;  it  was  necessary  to  exercise  care  in  making 
comparisons  in  the  neighborhood  of  the  critical  absorptions  of  tin  (X  =« 
0.424  A.)  and  of  silver  (X  =  0.485  A.).  In  this  way  the  instances  given 
in  Table  II  were  noted  where  one  plane  clearly  reflected  more  strongly 
than  another  having  the  same  or  a  larger  spacing. 

If  Arrangement  I  were  correct,  it  would  be  expected  that  the  intensity 
of  reflection  would  always  be  less  the  smaller  the  spacing  of  the  plane. 
Since  the  observations  are  not  in  accord  with  this,  it  remains  to  be  deter- 
"  Wyckoff,  Am.  J.  Set.,  50,  322  (1920). 
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Abnormai*  iNTSNsiTy  IUlations  por  Potassium  Ceo^orostannats 

Corresponding 
Forms  giving                   spadngs  of  planes 
(1)    greater              (2j    amallcr 
observed                   obaenred               (1)                     (2) 
intensity                    intensity 

Corresponding  values 

of  A  calculated  for 

u  =  0.245 

(1)                 (2) 

911 

731 

1.093            1.298 

247            162 

953 

773 

0.866            0.922 

247            128 

951 

755 

0.931            1.006 

264            213 

553 

731 

1.688            1.688 

230            162 

551 

711 

1.952            1.952 

247            179 

931 

753 

1.093            1.200 

230            179 

911 

751 

1.200            1.327 

.     247            196 

973 

11.3.3 

0.717           0.772 

196            128 

995 

11.5.3 

0.532           0.642 

298            162 

13.5.1 

11.5.3 

0.511            0.642 

281            162 

13.5.1 

11.7.3 

0.511            0.556 

281            110 

13.3.1 

11.7.3 

0.556           0.556 

247            110 

{973 

11. 

a.il 

0.717            0.760 

196            145 

mined  whether  a  value  of  u  can  be  found  in  the  second  arrangement 
which  accounts  systematically  for  the  observed  abnormalities. 

The  values  for  A  for  a  number  of  planes  given  in  Table  II  are  shown 
in  Fig.  3  plotted  against  u.    An  examination  of  these  plots  shows  that  the 


Fig.  3. — ^Values  of  A  for  first  order  reflections  of  various  planes  of  Class 
lof  K:i&a«or(NH«),^CU. 

value  of  u  cannot  be  just  0.25,  but  must  lie  below  0.25.  Indeed  all  of 
the  inequalities  given  m  Table  II  are  satisfied  if  u  is  given  some  value 
immediately  below  0.25,  and  it  was  not  found  possible  to  establish  any 
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inequalities  that  were  not  thus  satisfied.  The  conclusion  that  u  lies  only 
a  little  below  0. 25  receives  some  support  from  the  fact  that  no  very  ereat 
iEibnormalities  were  found  in  the  intensities. 

Since  first-order  reflections  are  entirely  absent  in  Classes  2  and  3,  spots 
due  to  planes  in  these  classes  have  been  interpreted  as  pure  second-order  ' 
reflections  for  values  of  nX  below  0. 96.  When  the  planes  of  Class  2  were 
examined  among  themselves  it  was  not  found  possible  to  establish  with 
certainty  inequalities  in  the  manner  done  for  Class  1.  This  fact  is  expli- 
cable if  u  is  only  a  little  below  0 .  25 ;  for  not  only  is  the  value  of  A  the  same 
for  each  plane  of  Class  2  when  u  =  0. 25,  but  also  dA/du  is  zero  at  this 
point.    The  same  is  true  for  Class  3*. 

It  is  of  interest  that  under  comparable  conditions  planes  of  Class  2 
reflected  with  about  the  same  intensity  as  those  of  Class  3.  In  the  im- 
mediate neighborhood  of  w  =  V4j  all  planes  of  Class  2  have  A  =  4  Sn 
+  8K-8Ci,  and  those  of  Class ^,  A  =  4Sn-8K  +  SCi.  These  two 
expressions  become  equal  if  K  =  CI  as  has  beep  found  to  be  at  least  ap- 
proximately the  case  in  potassium  chloride.^*  If  Arrangement  I  were 
correct,  Class  2  might  be  expected  to  reflect  more  strongly  than  Class  1. 

The  various  tests  afforded  by  the  data,  which  involve  no  quantitative 
assumption  concerning  "normal  decline"  of  intensity,  and  only  rough  as- 
sumptions as  to  the  relative  reflecting  powers  of  the  atoms,  lead  then  to 
the  conclusion  that  the  coordinates  of  the  atoms  are  given  by  Arrange- 
ment II,  the  value  of  u  being  probably  not  far  from  0. 245. 

V*  Spectral  Photographs  of  Ammonium  Chlorostaxmate* 
No  previous  crystallographic  work  on  ammonium  chlorostannate  was 
found  in  the  literature.  The  crystals  were  prepared  in  the  same  manner 
as  those  of  the  potassium  compoimd.  The  form  chiefly  developed  was  the 
octahedron  with  a  frequent  occurrence  of  cube  faces.  Two  density  de- 
terminations each  gave  the  value  2.39  g.  per  cc,  in  good  agreement  with 
2.387  given  by  Schroder.^*  Small  crystals  appeared  optically  isotropic 
when  examined  between  crossed  nicols  in  the  polarizing  microscope.  A 
very  good  octahedral  cleavage  was  observed. 

Spectra  from  the  (100)  and  (111)  planes  were  photographed.  In  the 
latter  case  potassitmi  chlorostannate  was  used  as  the  reference  crystal. 
The  only  noticeable  difference  in  the  relative  intensities  of  the  (111)  spectra 
of  the  two  substances  was  a  weakening  of  the  second  order  in  the  ammonium 
salt.    The  results  of  these  measurements  are  given  in  Table  III. 

In  applying  the  theory  of  space  groups  to  ammonium  chlorostannate 
accotmt  must  be  taken  of  the  hydrogen  aton^^.  If  these  be  assumed  to 
be  all  equivalent,  then  32  positions  are  required  for  them  in  addition  to 

"  W.  H.  and  W.  L.  Bragg,  "X-rays  and  Crystal  Structure,"    G.  Bell  and  Soiis» 
I.td..  London,  1916,  p.  188. 

"Schroder,   Jahresber.,   1874,   177. 
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Tablb  III 

RSFLmmON 

Data  fok  Ammonium  Ceo^orostannatb 

Observed  angle 

Plane 

Line 

of  reflection 

It 

^iw 

Intensity 

(100) 

fi 

3*  7' 

2 

(10.03) 

ai 

3    32 

(  9.98) 

M'^i^^TT^ 

fi 

6    15 

4 

10.02 

ai 

7      2 

10.00 

Strong 

fi 

9    23 

6 

10.03 

«! 

10    33 

10.03 

Weak 

fi 

12    32 

8 

10.05 

Ol 

14      8 

10.03 

Medium  weak 

(111) 

fi 

2    41 

1 

(10.09) 

.       ttl 

3      1 

(10.07) 

Strang 

fi 

5    23 

2 

10.07 

• 

ttl 

6      4 

10.03 

Medium  strong 

fi 

8      4 

3 

10.09 

oi 

9      7 

10.04 

Weak 

fi 

10    48 

4 

10.08 

cti 

12    10 

10.06 
Mean    10. 

Mciiium 
05A. 

Calc.  from  density   10.05 

the  8,  4,  and  24  positions  as  in  the  case  of  potassium  salt.  The  space- 
groups  O'  and  Ok*  satisfy  the  conditions,  and  both  lead  to  the  same  arrange- 
ment, namely,  the  tin,  and  chlorine  atoms  are  located  as  in  the  potassium 
salt,  the  nitrogen  takes  the  place  of  the  potassium,  and  the  hydrogen 
atoms  are  arranged  on  cube  diagonals,  the  determination  of  one  parameter 
being  required  to  fix  their  position.  This  parameter  could  be  given  such 
a  value  that  the  hydrogen  atoms  would  be  grouped  dose  to  the  nitrogen 
so  as  to  form  a  tetrahedron,  as  they  have  been  supposed  to  do  in  ammonium 
chloride.  ^*  In  the  following  treatment  the  reflecting  power  of  the  hydrogen 
atoms  has  been  assumed  to  be  negligible.  The  expressions  foi:  A  then 
become  like  those  of  the  previous  case  except  that  N  replaces  K. 

From  the  relative  intensities  of  the  spectra  given  in  Table  III,  it  is  clear 
that  for  (100),  A  for  the  fourth  order  must  be  greater  than  A  for  the  second, 
and  A  for  the  eighth  order  must  be  greater  than  A  for  the  sixth.  And 
for  (111),  A  for  the  fourth  order  must  be  greater  than  A  for  the  third. 
These  conditions  are  all  satisfied  if  u  has  a  value  near  ^/a.  At  u  =  ^/a, 
the  relative  values  of  A  for  the  (100)  spectra,  come  out  280: 664: 280: 664, 
and  for  the  (111)  spectra  200:264:200:664. 

VI.    Laue  Photographs  of  Ammonium  Chlorostannate. 

Crystal  plates  were  grotmd  a  few  degrees  from  parallel  to  the  planes 
(111)  and  (100).    The  Laue  photographs  obtained  with  them  were  treated 

^hangmwT,  Tms  Journai,,  41,   1647  (1919). 
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in  the  same  way  as  the  previous  ones.    Only  planes  having  all  odd  indices 
were  found  reflecting  in  the  first  order. 

For  the  planes  of  Class  1  it  was  found  possible  to  establish  a  series  of 
inequalities  in  the  same  manner  as  for  potassium  chlorostannate.  The 
instances  noted  are  given  in  Table  IV. 

Tabids  IV 
Abnormal  ImUNStry  Rsuations  for  AliMONnm  Cm^OROSTANNATS 

Corresponding  values 
Corresponding  of  A  calculated  for 


Forms  giving                  spadngs 
(1)    greater             (2)    smalkr 
observed                  observed                 (1) 
intensity                  intensity 

of  planes 
(2) 

u  » 

(1) 

0.245 

(2) 

1 

951 

1 

773 

0.972 

0.972 

264 

128 

951 

;      . 

755 

0.972 

1.010 

264 

213 

553 

1      •       • 

731 

1.310 

1.310 

230 

162 

975 

773 

0.808 

0.972 

230 

128 

975 

973 

0.808 

0.852 

230 

196 

973 

\ 

11.3.3 

0.852 

0.852 

196 

128 

1 

975 

;  • 

11.5.1 

0.808 

0.829 

230 

179 

13.5.1 

11.5.1 

0.720 

0.829 

281 

179 

13.5.1 

11.3.3 

0.720 

0.a52 

281 

128 

13.3.3 

1 

11.3.3 

0.735 

0.852 

230 

128 

911 

|751 

1.103 

1.161 

247 

196 

{911 

{753 

1.103 

1.103 

247 

179 

13.6.1 

11.7.5 

0.720 

^0.720 

281 

145 

13.5.1 

{11.5.5 

0.720 

0.768 

281 

196 

1 

995 

{11.5.5 

0.735 

0.768 

298 

196 

953 

j771 

0.938 

1.010 

247 

145 

951 

{771 

0.972 

1.010 

264 

145 

{13.5.1 

{11.5.3 

0.720 

0.807 

281 

162 

1 

[975 

1             1 

11. 

5.3 

0.807 

0.807 

230 

162 

Since  no  attempt  was  made  to  have  the  crystals  of  the  two  substances 
oriented  in  the  same  way  when  the  photographs  were  taken,  the  pairs  of 
planes  which  happened  to  permit  comparisons  were  not  always  the  same. 
But  just  as  with  the  potassium  salt,  all  of  the  inequalities  which  were 
established  were  satisfied  by  values  of  u  slightly  less  than  0.25. 

When  planes  of  one  of  the  classes  2  or  3  were  examined  SLmong  them- 
selves, it  was  not  fotmd  possible  to  establish  inequalities  in  the  values  of 
A.  From  the  same  arguments  as  in  the  previous  case  the  value  of  u  is 
concluded  to  be  not  far  from  from  0.245. 

When  spots  due  to  planes  of  Class  2  were  compared  with  those  from  Class 
3,  it  was  found  that,  unlike  the  result  with  the  potassium  salt,  those  of 
Class  3  were  distinctly  more  intense  than  those  of  Class  2.  For  instance, 
on  two  different  photographs  planes  of  the  form  {62l},  d/n  =  0.778,  re- 
flected more  strongly  than  those  of  form  {52l},d/«  =  0.910,  in  spite  of 
the  smaller  value  of  d/n;  similarly  {601}  d/n  =  0.819,  reflected  more 
strongly  than  { 501 } ,  d/n  =  0 .  977.    To  explain  this  with  the  above  struc- 

Digitized  by  V3«c.?^V  IC 


CRYSTAL  STRUCtUKHS  OF  AI«KAI.I  CHIX)ROSTANNAt9S. 


287 


tuie  it  is  necessary  to  assume  no  more  than  that  the  reflecting  powers 
^,  Ci,  and  N  differ  appreciably  in  the  order  named,  that  of  tin  being 
greatest  For  the  expressions  for  A  are  substantially:  Class  2^  A  ^ 
4&-8(Cl-N);   Class  j,  A  =  4^  +  8(Ci-N). 

If  this  interpretation  of  these  intensities  is  correct,  the  value  of  A  for 
planes  of  Class  2  is  appreciably  less  than  4  Sn,  and  for  planes  of  Class  3 
appreciably  grea&r  than  4^.  Now  the  planes  of  Class  1  may  be  sub- 
(Uvided  into:  (la)  those  for  which  the  calculated  value  of  A  is  4 Sn  plus 
a  positive  increment  due  to  chlorine  atoms  alone,  and  (lb)  tfiose  for  which 
it  is  4^  plus  a  n^;ative  increment  due  to  the  chlorine  atoms.  Certainly 
then  planes  of  Cla^  la  should  reflect  a  given  wavelength  more  strongly 
than  planes  of  Class  2  having  the  same  value  of  d/n,  and  those  of  Class 
lb  should  reflect  less  strongly  than  those  of  Class  3.  A  number  of  inten- 
sity comparisons  were  found  possible  which  confirmed  these  conclusions. 
For  instance,  a  plane  of  the  form  {95l},  d/n  =  0.972,  reflected  at  nX 
=  0.45  more  strongly  than  one  of  the  form  {43l},  d/«  «  0.986,  reflected 
at  9fX  =  0.90,  and  a  plane  of  the  form  {42l},d/«  =  1 .  197,  reflected  around 
n\  =  0.60  more  strongly  than  one  of  the  form  {73l},  d/n  =  1.703,  at 
nX  =  0.30  in  spite  of  the  more  favorable  value  of  d/n  in  the  latter  form. 
No  inequalities  in  the  reverse  sense  were  fotmd. 

The  X-ray  data  for  ammonium  chlorostannate  thus  lead  to  the  same  type 
of  structure  that  was  deduced  for  the  potassium  salt  and,  as  far  as  can  be 
determined,  to  about  the  same  value  of  u. 

Vn.    Discussion  of  the  Crystal  Structures. 
The  structure  deduced  for  potassium  chlorostannate  involves  the  fol- 
lowing relations.    Each  potassium  atom  has  4  tin  atoms  equally  distant 
from  it.    Each  tin  atom  has  8  potassium  atoms  equally  distant  from  it. 
Each  chlorine  atom  has  4  potassium  atoms  equally  distant,  and  each  po- 


..■■T"'"t:M'-"\' 

i     H^  \\\ 


a.J 


InCaF;  #-€0  0-F 

In  K,SnCU   O  •  K  and 
•  Is   replaced  b\j 


^ 


p'^ 


Sfld, 


Pig.  4. — ^Arrangement  of  the  atoms  in  CaPt  and  in  KsSnCU. 

tasstum  atom  has  12  chlorine  atoms  equally  distant,  but  each  chlorine 
atom  is  at  a  shorter'distance  from  one  tin  atom  than  from  any  other,  and 
tach  tin  atom  has  6  chlorine  atoms  at  this  distance  from  it.    The  structtu^ 
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may  thus  be  regarded  as  an  assemblage  of  potassium  atoms  and  SnCla 
groups. 

If  the  potassium  atoms  and  SnCU  groups  be  considered  electrically 
charged  so  that  the  crystal  is  built  up  of  K+  and  SnCU"  ions,  the  structure 
is  then  ionically  similar  to  that  of  calcium  fluoride,  ^^  K+  replacing  F~, 
and  SnCl«"  replacing  Ca++. 

These  relations  are  illustrated  by  Fig.  4. 

The  cohesional  relations  of  a  polar  substance  may  well  be  presumed 
to  depend  to  a  considerable  extent  upon  the  electrostatic  attractions  and 
repulsions  of  the  constituent  ions;  and  since  the  arrangement  of  the  ions 
is  the  same  in  the  chlorostannates  as  in  calcium  fluoride,  it  is  not  surprising 
that,  in  spite  of  the  dissimilarity  in  atomic  constitution,  these  substances 
show  the  same  cleavage,  namely,  along  the  octahedral  planes.^' 

The  shortest  distances  between  the  various  imlike  atoms  are  given  in 
Table  V.  These  distances  are  accurate  to  within  a  few  tenths  of  1%, 
except  the  distance  from  the  tin  to  the  chlorine  atoms,  whose  calculation 
involves  the  value  of  u.  It  is  possible  that  this  distance  is  several  per  cent, 
too  high,  but  it  can  hardly  be  much  too  low. 

Tablb  V 
Distances  bbtwkbn  thb  Atoms  in  10  ~"  Cm. 

K  or  N  K  or  N 

Substance  dioo  Sn  and  CI         and  Sn  and  CI 

K,SnCU  9.96  2.44  4.31  3.62 

(NHOaSnCle  10.05  2.46  4.35  3.55 

VIII.  Summary. 
With  the  aid  of  spectral  photographs  and  unsymmetrical  Laue  photo- 
graphs, the  crystal  structures  of  potassium  chlorostannate  and  ammonium 
chlorostannate  have  been  determined;  and  these  structures  have  been 
shown  to  be  closely  similar  to  each  other.  It  was  found  possible  to  carry 
out  the  analyses  without  making  any  quantitative  assumption  concerning 
* 'normal  decline**  of  intensity,  and  with  only  rough  assumptions  as  to  the 
relative  reflecting  powers  of  the  atoms.  The  results  lead  to  the  con- 
clusion that  6  equivalent  chlorine  atoms  are  grouped  about  each  tin  atom; 
and  the  structure  is  accordingly  regarded  as  built  up  of  SnCle "  ions  and  K"*" 
or  NH4^  ions,  in  the  way  shown  in  Fig.  4.  The  similarity  of  these  sub- 
stances, in  structure  and  cleavage,  to  calcium  fluoride  is  pointed  out,  as 
being  in  accordance  with  this  conclusion. 
Pasadbna,   California. 

"W.  L.  Bragg,  Proc.  Roy.  Soc,  89A,  474  (1914). 
"Ref.  2,  p.  206, 
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THE  RELATION  OF  ANOMALOUS  OSMOSE  TO  THE  SWELLING 
OF  COLLOIDAL  MATERIAL. 
By  P.  E.  Bartsu*  and  L.  B.  Sofs. 

RecdTed  November  25.  1021. 

Introductioii* 

During  the  progress  of  the  work  on  anomalous  osmose  in  this  laboratory, 
the  writers  have  been  greatly  impressed  by  the  similarity  noted  between 
the  phenomena  of  the  swelling  of  gels,  the  swelling  of  organic  tissues,  the 
diffusion  of  liquids  through  living  tissues,  and  the  anomalous  osmose 
observed 'with  different  types  of  membranes  when  used  vnth  solutions  of 
electrolytes.  After  a  rather  extensive  investigation  of  these  related  proc- 
esses it  seems  obvious  that  a  satisfactory  understanding  of  the  principles 
underlying  them  can  be  obtained  only  by  the  study  of  the  principles  imder- 
lying  the  phenomena  of  anomalous  osmose. 

Much  work  has  been  done  on  the  swelling  of  various  materials  and 
many  theories  have  from  time  to  time  been  presented  to  accotmt  for  this 
phenomenon.  Among  the  more  important  of  these  theories  are:  (a)  the 
capillary  theory,  (b)  the  osmotic  theory,  (c)  the  lipoid  membrane  theory, 
(d)  the  colloid  chemical  theory,  (e)  the  repulsion  theory,  (f)  the  diffusion 
theory,  and  (g)  the  solid  solution  theory. 

(a)  The  capillary  theory  assumes  that  Swelling  takes  place  by  passage 
of  liquid  through  small  pores,  the  impelling  force  being  the  difference  in 
surface  tension  between  solvent  and  solution.  This  theory  does  not  ex- 
plain the  cases  in  which  the  flow  of  solution  is  in  the  direction  opposite 
to  the  one  that  would  be  predicted  from  difference  in  surface  tensions. 

(b)  According  to  the  osmotic  theory^**  liquids  pass  into  the  material  and 
cause  swelling  because  of  the  difference  of  osmotic  pressure  between  the 
external  and  internal  solutions.  This  theory  does  not  explain  abnormal 
effects  in  acid  and  alkaline  solutions,  nor  cases  where  the  flow  is  from  con- 
centrated to  dilute  solution.  f 

(c)  Overton's*  lipoid  membrane  theory  is  based  on  the  assumption  that 
liquids  pass  into  cells  by  dissolving  in  a  membrane  which  surrounds  theml 
Though  some  substances  undoubtedly  pass  in  by  dissolving  in  the  mem- 
brane, this  theory  does  not  explain  the  passage  of  a  large  number  of  sub- 
stances which  are  not  soluble  in  the  membrane;  nor  does  it  explain  how 

»  Pfcffer  and  de  Vries.  "Pflanzen  Physiol.,"  Leipzig,  1,  116  (1897). 

'  An  article  on  osmosis  and  swelling  of  gelatin  by  C.  P.  Smith  appeared  in  This 
Journal,  43, 1350  (1921)  just  as  the  present  article  was  about  to  be  sent  to  the  editor. 
Many  of  the  results  given  in  the  article  by  Smith  can  be  accounted  for  by  applying  the 
principles  of  anomalous  osmose  and  are  in  accord  with  some  of  the  results  obtained  by 
the  present  authors  in  their  work. 

*  Overton,  Z.  pkysik.  ckem.,  22, 189  (1897). 
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the  soluble  substances  are  able  to  'pass  out  again  on  the  other  side  of  the 
membrane,  as  they  must  be  considered  to  do. 

(d)  In  the  colloid  chemical  theory*  we  are  to  consider  that  the  colloid 
cell  is  the  unit,  and  that  there  is  no  surrounding  membrane.  Cells  swell 
in  acid  and  alkali  because  add  and  alkali  increase  their  hydration  power. 
In  other  words,  colloids  swell  in  acid  and  alkali  because  acid  and  alkali 
cause  them  to  swell,  which  is  offering  no  explanation  of  the  basic  reason  nor 
the  mechanics  of  the  process. 

(e)  The  repulsion  theory*  explains  swelling  on  the  assumption  that  all 
the  colloid  particles  become  charged  with  electricity  of  the  same  sign.  This 
causes  an  electrostatic  repidsion  and  the  colloid  increases  in  size.  It  may 
be  pointed  out  that  gelatin  at  its  iso-electric  point  has  been  f otmd  to  swell 
more  than  600%*  and  while  the  swelling  does  increase  vrith  increase  of 
concentration  of  add  or  alkali,  which  would  increase  the  charge,  it  increases 
only  up  to  a  certain  concentration.  Above  a  certain  concentration  with 
either  add  or  alkali  a  decrease  in  swelling  is  observed,  even  though  the 
charge  on  the  partides  may  increase.  The  dectrostatic  charge  undoubt- 
edly has  an  important  effect,  but  this  one  factor  alone  does  not  seem  qtiite 
comprehensive  enough  to  cover  the  whole  case. 

(f)  Proctor  and  Wilson^  assume  that  such  substances  as  gelatin  behave 
amphoterically  and,  in  add  and  alkali,  form  highly  ionized  salts,  the  non- 
colloid  ion  of  which,  in  diffusing  out,  exerts  a  pull  that  swells  the  gel. 
If  this  is  to  be  accepted  as  a  general  explanation  of  the  swelling  of  animal 
and  vegetable  material,  it  must  be  considered  that  there  are  amphoteric 
substances  in  all  animal  and  vegetable  material  which  are  capable  of  form- 
ing ionizable  salts  that  cause  swelling  by  diffusion.  On  this  basis  such 
material  should  swell  in  any  concentration  of  acid  or  alkali,  yet  an  actual 
shrinking  has  been  noted  in  some  cases. 

(g)  The  solid  solution  theory  was  formulated  by  J.  R.  Katz*  who  believes 
that  amorphous  swelling  substances  differ  from  liquids  only  in  viscosity, 
that  swelling  may  be  regarded  as  the  mixing  of  a  highly  viscous  liquid  with 
some  miscible  liquid  to  form  a  solid  solution.  This  theory  offers  no  ex- 
planation of  the  swelling  of  a  substance  in  a  liquid  of  one  concentration, 
while  an  actual  shrinking  is  observed  with  the  substance  in  this  liquid 
at  a  slightly  different  concentration. 

It  must  be  admitted  that  the  problem  in  question  is  complex.  No 
single,  simple  theory  can  account  for  all  the  facts.  Undoubtedly  nearly 
all  the  fundamental  concepts  of  the  above  theories  must  be  used  in  order 

•  Fischer,  "Oedema  and  Nephritis,"  John  Wiley  and  Sons,  1915-,  p.  162. 
» Tohnan,  Tms  Journal,  40, 246  (1918) . 

•  Lloyd,  Biochem.  /.,  14,  147  (1920). 

7  Proctor  and  Wilson,  /.  Chem.  Soc,  109,  307  (1916). 

•  Katz,  Z.  physiol.  Chem.,  96,  255  (1916);    Verslag  Akad.  WeUnschappen,  Amster- 
dam, 1911,  96S-75;  C.  A.,  5,  3533  (1911). 
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to  make  a  satisfactory  "explanation,"  or  to  work  out  a  comprehensive 
theory  which  will  cover  all  cases.  We  must  incorporate  in  addition  to  the 
above  concepts,  others  which  will  take  care  of  those  cases  in  which  the 
above  fail  to  apply.  The  incorporation  of  the  principles  underl3ring 
anomalous  osmose  will  go  far  toward  taking  care  of  many  of  the  heretofore 
unexplained  facts. 

In  much  of  recent  work  on  anomalous  osmose  in  this  laboratory  there 
have  been  observed  so  many  factors  that  seem  to  have  an  effect  on  the 
phenomenon  of  swelling  as  well  as  on  the  phenomenon  of  anomalous  osmose 
that  the  authors  have  sought  to  make  a  comparative  study  of  these  proc- 
esses and  to  correlate  them. 

Results  of  Some  Experiments  on  Osmosis. 

The  most  striking  anomalous  effects  have  been  obtained  when  a  fairly 
permeable  membrane  such  as  collodion  has  been  used  with  solutions  of 
electrolytes.  When  osmotic  effects  are  plotted  against  concentration  of 
solution,  or  better,  logarithm  of  concentration,  a  striking  N-shaped  curve  is 
obtained;*  for  instance,  as  the  concentration  of  the  solution  is  increased 
the  osmotic  effect  first  increases,  then  falls  off,  then  increases  again.  These 
effects  are  readily  shown  in  the  following  tables  and  curves. 

Tabls  I 

OsMOSB  o9  Acrns  ot  Various  Concentrations  with  Calf's  Bladder  and  Gold- 

bsatbr's  Skin* 
(In  mm.) 

Cooc.  of  Acid.  Mi  0.000.001     0.00001     0.0001     0.001  0.01         0.1  1  10 

Ha 

CalTs  bladder 0  +2      +2.5    +3        +12      -4     -63        +47 

HNOk 

Gold  beater's  skin  (A) +1         +2.5     +14.5-2     -28.6*   +65 

HQ 

Gold  beater's  skin  (B)...     -4  -5      -4        -2  0       -15-43        +13 

*  The  data  for  gold  beater's  skin  A  except  the  values  for  10  M  acid  and  alkali  were 
obtained  from  work  by  Bartell  and  Madison.  *<^  The  values  for  10  M  acid  and  alkali 
were  obtained  at  a  later  date. 

*  0.05  M  cone.  HNQ|. 

Tabls  II 
OsKOSS  OF  Various  Concsnirations  op  SoDirm  Hydroxidb  with  Goldbeatbr's 

Skin* 

Cone,  of  NaOH.  J/  0.000.001      0.00001     0.0001     0.001         0.01  0.1  0.5  10 

Gokibeater's  skin  (A) 

Goldbeater's  skin  (B) -3 

*  Jacques  Loeb  has  also  obtained  similar  N-shaped  curves  for  collodion  membranes, 
/.  Gen.  Physiol.,  2,  Nos.  4  and  6  (1920). 

>•  BarteU  and  Madison,  /.  Pkys.  Chem.,  24.  444,  603  (1920). 


+1.5 

+3 

+5 

+1 

-6.5 

+40 

-6 

-18 

+6 

-0.5 

-49 

+36 
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Goldbeater's  skin  A  and  B  were  different  grades,  and  Skin  A  waTused  with  double 
cells,  while  the  Skin  B  was  used  with  single  cells  (f .  «.,  single  compartment  cells  whldi 
were  placed  in  a  much  larger  volume  of  water  than  was  present  in  the  2-compartmcnt 
cell),  and  started  under  a  hydrostatic  head  of  100  mm. 


Porcelain 

MCMBRANC 


PARCnrCNT 

Papeifv "tz 


Osmose:  or  Acid   ano  Alkali 

or    VARIOUS    CONCEINTRATION 

Fig.  1. 
(In  all  figures  log.  of  cone,  is  plotted 
on  the  horizontal.) 


OSMOSC     ortiCL     AMD    NaOM      or 

VARIOUS    CONCENTR/^TiOM 

Fig.  2. — Osmose  of  hydrochloric 
add  and  sodium  hydroxide  of  various 
concentrations  with  parchment  paper 
and  porcelain  membranes. 


The  experiments  with  calf's  bladder  were  carried  out  in  single  cells  but  were  started 
under  no  hydrostatic  pressure. 

Tabls  III 
Osifoss  OF  Hydrochloric  Acm   of  Various  Conckntrations  wmt  Parchmsnt 
Papsr  and  Porcblain  Msmbranbs' 

Cone,  of  HCl,  if        0.000,001     0.00001     0.0001     0.001     0.01       O.OA        0.1         0.2  1  10 

Porcelahi +23+12+69.5+64+118 

Parchment +0.6         0  +7         0+2      ....     +16     ...     +84+496 

TABtElV 

OsMOSS  OF  Sodium  Hydroxidb  of  Various  Concentrations  with    Parchmsnt 
Papbr  and  Porcslain  Msmbranbs' 

Cone,  of  NaOH.  if    0.000.001     0.00001     0.0001     0.001     0.01        6.05        0.1        0.2  1  10 

Porcelain +25+76-14.5-45 

Parchment 0  -1  0       +1+1       ....     +6       ...     -65+360 

•  The  data  for  porcelain  membrane  were  obtained  from  previous  work  by  Bartell 
and  Hocker."  The  experiments  with  parchment  paper  as  a  membrane  were  carried  out 
in  single  cells  and  were  started  with  no  hydrostatic  head. 

It  wil^  be  noted  that  the  peculiar  N-shaped  curves  were  obtained  in 
every  case  and  that  they  are  very  similar  even  though  the  nature  of  the 
membranes  was  widely  different.     From  the  results  obtained,  the  cou- 
>^  Bartell  and  Hocker»  Tms  Journai,.  38, 1029, 1036  (1916). 


Digitized  by  VjOOQ IC 


ANOMAI^OUS  OSMOSE  AND  SWBLUNG  OF  COIXOIDS.  293 

elusion  was  readied  that  forces  other  than  those  responsible  for  the  normal 
osmotic  tendency  were  operative  within  the  system. 

In  previous  papers*®  from  this  laboratory  the  electrical  effects  due  to 
electrical  orientation  of  the  cell  membrane  system  have  been  discussed; 
therefore,  in  this  paper  only  a  few  general  statements  relative  to  the  theory 
win  be  given. 

According  to  Helmholz,  when  almost  any  substance  is  placed  in  a  solu- 
tion, a  double  electrical  layer  (Helmholz  layer)  is  set  up,  the  substance 
carrying  one  sign,  and  the  liquid  bathing  it  the  other.  If  the  solution  is  of 
an  electrolyte,  it  is  generally  assumed  that  the  signs  of  the  charges  are 
dependent  upon  the  selective  adsorption  of  the  ions  by  the  substance. 
For  example,  an  acid  gives  a  positive  charge  due  to  hydrogen-ion  adsorp- 
tion, and  a  base  gives  a  negative  charge  due  to  hydroxyl-ion  adsorption. 

We  assume,  then,  that  two  determining  factors  must  always  be  con- 
sidered, namely,  the  effect  due  to  the  electric  charge  of  the  capillary  pore 
wall  with  respect  to  the  charge  of  the  liquid  bathing  it  (which  we  have 
called  the  capillary  system),  and  to  the  orientation  of  the  electrical  po- 
tentials existing  between  the  two  faces  of  the  membrane  (membrane 
system).  The  magnitudes  of  these  two  electrical  factors  are  dependent 
upon  the  extent  of  diffusion  of  electrolyte  through  the  membrane,  upon 
the  relative  migration  velocities  of  the  ions,  and  upon  the  extent  of  selec- 
tive ion  adsorption. 

The  osmose  due  to  this  superimposed  effect  is  assumed  to  be  caused  by 
the  passage  of  a  charged  liquid  layer  along  the  walls  of  the  capillary  pores 
of  the  membrane  tmder  a  driving  force  of  potential  which  acts  as  though 
it  were  set  up  between  the  two  faces  of  the  membrane. 

Relation  of  Swelling  of  Gel  to  Osmotic  Effects. 

In  relating  the  process  of  swelling  of  gel  to  the  process  of  osmose  we  may 
assume  that  a  gel  is  built  up  of  a  framework  of  cells,  that  some  unit  of 
this  framework  may  be  considered  to  function  as  a  fairly  permeable 
membrane  which  would  make  it  possible  for  this  imit  of  the  system  to 
leqxmd  to  the  influences  responsible  for  the  process  of  anomalous  osmose; 
in  fact  we  assume  that  osmotic  flow  of  solution  would  actually  take  place 
through  this  portion  of  the  system. 

Suppose  we  consider  a  cell  or  group  of  cells  so  arranged  that  within  this 
unit  liquid  will  be  enclosed  by  the  membrane  thus  formed,  while  at  the 
same  time  liquid,  either  of  the  same  or  of  different  concentration,  will 
bathe  this  membrane  on  the  outside.  If  we  assume  the  existence  of  such 
a  membrane  we  need  only  to  have  in  mind  a  picture  of  an  osmotic  system 
and  its  related  electrical  factors  in  order  to  predict  the  behavior  of  the  cell 
system.  It  seems  reasonable  to  assume  that  all  Uie  factors  responsible 
for  anomalous  osmose  would  likewise  be  in  evidence  in  the  process  of 
swelling  of  cellular  gels. 
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Theory  Applied  to  Swelling  of  Colloid  Material. 

In  a  previous  paper  we  have  shown  that  four  distinctly  different  types 
of  electrification  of  a  membrane  system  may  exist.  ^*  These  four  cases 
may  be  applied  directly  to  the  cell  system  within  gel  or  other  colloid  mate- 
rial, as  shown  in  Fig.  3,  each  diagram'of  which  represents  a  single  osmotic 
unit  of  the  gel. 

An  electrical  orientation  of  the  cell  system  as  indicated  in  A  would 
result  in  operation  of  the  superimposed  effect,  due  to  electrical  forces, 


.  ElLCCTRiriCATDN      or    CCLL 

ncMBRANE  System 

Pig.  3. 

tending  to  cause  a  flow  of  solution  from  the  cell;  this  would  produce  a 
shrinking  of  the  cell  walls. 

Systems  represented  by  Cases  B  and  C  would  both  tend  to  give  swelling 
effects  (comparable  to  negative  osmose)  while  the  system  represented  by 
D  would  tend  to  give  an  abnormally  positive  osmotiq  effect  which  would 
result  in  a  shrinking  of  the  cell. 

If  it  be  true  that  a  relationship  of  this  type  between  osmose  and  swelling 
does  exist,  it  should  be  noted  that  swelling  effects  of  materials  containing 
pure  water,  placed  in  an  aqueous  solution,  shoidd  correspond  to  a  negative 
osmotic  tendency,  while  shrinking  effects  shoidd  correspond  to  an  abnor- 
mally positive  osmotic  tendency. 

It  must  be  remembered,  however,  that  this  electrical  force  may  be  only 
one  of  several  forces  acting.  Experiments  carried  out  in  this  laboratory, 
but  not  as  yet  published,  seem  to  indicate  that  negative  and  positive  ad- 
sorption may  have  a  marked  effect  on  both  osmose  and  swelling. 

As  a  working  h)rpothesis  the  authors  assume  that  a  gel  may  be  considered 
to  be  composed  essentially  of  a  framework  of  membranes  and  that  the 
theory  accounting  for  the  flow  of  liquid  through  membranes  likewise 
accotmts  to  a  certain  extent  for  the  flow  of  solution  into  a  cellular  gel. 
We  hold  the  view  that  swelling  is  the  result  of  imbibition  (a  process  which 
is  not  well  imderstood  and  which  may  be  due  either  to  a  capillary  action 
or  to  intermolecular  reactions)  together  with  the  operation  of  effects  which 
produce  anomalous  osmose.  From  this  it  would  follow,  in  swelling,  that 
(1)  the  tendency  for  normal  osmose  is  always  operative;  (2)  solution  in  the 
membrane  may  take  place  in  some  instances;  (3)  forces  of  attraction  and 
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repulsion  are  operative;  (4)  capillarity  plays  a  part;  (5)  negative  or  positive 
adsorption  of  solute  may  have  its  eflfect;  (6)  electrical  eflfects  due  to  elec- 
trical orientation  of  the  system  may  enter  in;  (7)  swelling  tmaccompanied 
by  electrical  eflfects  may  occur,  as  with  solutions  of  non-electrcdytes 
with  some  gels. 

In  order  to  compare  as  closely  as  possible  anomalous  osmotic  effects  with 
swelling  effects  diflferent  series  of  experiments  were  carried  out. 

Swelling  of  Laminaria. 

The  first  series  of  experiments  was  made  in  order  to  obtain  one  example 
of  each  of  the  four  cases  above  mentioned.  Parchment  paper  membranes 
were  used  for  the  osmotic  experiments  while  laminaria  which  had  stood 
for  about  24  hoius  in  distilled  water  was  used  for.  the  swelling  experiments. 
Laminaria  and  parchment  paper  were  chosen  because  both  are  vegetable 
materials. 

TABtS  V 

Four  Casiss  of  Swbi^uno  with  Laminaria,  togbthbr  wrm  Osmosb  VAt,uBs  Ob- 
tained WITH  THB  SaMB  SoI^UTIONS 


)ase 

Solution 

Cone. 

Initial  Wt. 

Final  Wt. 

Swelling 

Osmose 

M 

G. 

G. 

% 

Mm. 

A 

K  citrate 

0.06 

1.243 

1.232 

-     0.89 

+38 

B 

NaOH 

0.0001 

0.640 

1.081 

+100.00 

-4 

C 

HCl 

0.0001 

0.682 

1.103 

+  62.00 

-3 

D 

AlCla 

0.06 

1.760 

1.64a 

-     5.95 

+59 

The  four  solutions  used  were  selected  because,  when  tested  in  osmotic 
systems,  each  was  found  to  give  a  different  one  of  the  four  possible  cases 
of  electrical  orientation  (Fig.  3).  From  the  results  in  this  table  it  is  noted 
that  the  swelling  eflfects  fit  in  nicely  with  the  anomalous  osmotic  eflfects. 
Those  solutions  which  showed  negative  osmotic  tendency  with  parchment, 
produced  a  swelling  eflfect  with  laminaria,  and  those  which  showed  a 
positive  osmotic  tendency  produced  a  shrinking  of  the  laminaria. 

In  the  second  series,  osmotic  experiments  with  parchment  paper  and 
swelling  experiments  with  laminaria  were  carried  out  using  solutions  of 
different  concentrations.  The  results  are  given  in  the  following  tables  and 
curves.  t 

Tabls  VI 

OSMOSS  09  HYDROCmXMUC  AOD  AND  SODHTM    HYDROXn>B  IN  D0UBL9    CELM    WITH 
PaICBIISNT  PaFSR  MSICBRANQ.     TiMS  OF  OSMOS9,  8  HoURS.      OSMOTIC  EFFSCTS  AR9 
EXPRBSBSD  IN  TSRMS  OF  RiSS  IN  MlIXIMBTSRS 
Cooc  of  Soln.,  Mi  0.000,001  0.00001     0.0001     0.001         0.01       0.1  1  10 

Ha 0  -5        -3     -J. 6        0     +18.6     +33     +676 

NiOH -4        0        +2-8  -26    +364 
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Tabi:;bVII 
Swelling  of  Laiunaria' 


was  cut  into  thin 

sections.    Each  section 

was  weighed. 

placed  in  add 

again. 

V^t  after  Ihr.  in 

Soln. 

Cone. 

Initial  wt. 

Addoralk. 

Swdlin^ 

M 

G. 

O. 

% 

HCl 

10.0 

0.906 

0.600 

-  34.8 

1.0 

0.600 

0.518 

-  12.2 

0.1 

0.864 

0.781 

-     9.62 

0.01 

0.600 

0.753 

+    9.13 

0.001 

0.790 

1.090 

+  30.4 

0.0001 

0.682 

1.103 

+  61.7 

0.00001 

0.611 

1.060 

+  73.4 

0.000.001 

0.690 

1.108 

+  60.6 

H,0 

0.765 

1.086 

+  41.9 

NaOH 

0.00001 

0.717 

1.157 

+  61.4 

0.0001 

0.540 

1  081 

+100.2       ' 

0.001 

0.582 

1.121 

+  92.7 

0.01 

0.704 

1.160 

+  64.8 

0.1 

0.686 

1.090 

+  50.2 

1. 

0.671 

0.823 

+  44.2 

10. 

0.600 

0.600 

0 

*  A  minus  sign  (— )  indicates  shrinking  of  the  gd. 

Table  VIII 
Swelling  of  Laminaria 

Swelling  in  add  and  alkali  when  previously  allowed  to  swell  almost  to  a  maximum  in 
water  for  approximatdy  48  hoars 


Soln. 
HCl 


Cone. 
M 
10 

1 

0.1 

0.01 

0.001 

0.0001 

0.00001 

0.000001 


HtO.  .•. 
NaOH 


0.000001 

0.00001 

0.0001 

0.001 

0.01 

0.1 

1. 

10. 


Initial  wt. 
o. 
1.136 
1.226 
1.531 
1.213 
1.901 
1.181 
1.496 
1.586 
...1.463 
1.243 
0.948 
1.269 
0.933 
1.323 
1.463 
1.481 
1.966 


Wt.  after  22 

hrs.i]isoln. 

o. 

1.070 
1.111 
1.332 
1.165 
1.939 
1.193 
1.533 
1.618 
1.493 
1.261 
0.956 
1.301 
0.968 
1.403 
1.684 
1.583 
1.668 


Swdling 

% 

-  6.8 

-  9.4 
-13.0 

-  3.96 
1.99 
1.02 
2.47 
2.20 
2.06 
1.45 
0.84 
2.52 
3.75 
6.06 

+15.1 
+  6.89 
-15.2 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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Table  DC 
Osmose  of  Chix»idbs 
In  double  cells  with  parchment  paper  membrane,  acid  and  alkali  throughout  the  cell 
Time  of  osmose,  6  hours 


Molar  cone,  of  add 

Osmose  Set  A 

Osmose  Set  B 

Osmose  Set  C 

O.OSifKCl 

O.OSifMgClt 

0.05Jlf  AlCl, 

Mm. 

Mm. 

Mm. 

0.001    HQ 

3 

6.5 

18 

0.0001  HCl 

6 

9.6 

24 

DistHiO 

6 

7 

25 

0.0001  NaOH 

4.5 

6 

21 

0.001    NaOH 

3 

5 

20.5 

Table  X 

SWELUNO  OF  LaMINARIA 

First  soaked  in  add  or  alkali,  then  allowed  to  swell  in  a  solution  of  chloride  in  add  or 
alkali  of  the  same  concentration  as  the  add  or  alkali  in  which  it  was  soaked.    Time  of 

swelling,  5  hours 


Molar  cone,  of 

SetA 

Sets 

SetC 

add  or  alkali  used 

0.05  If  KCl 

0.05  If  MgCl, 

0.05Jf  AlCl. 

% 

% 

% 

0.001    HCl 

-1.60 

-1.49 

-t2.83 

0.0001  HCl 

-3.2 

-6.96 

-7.87 

Dist.  HsO 

-2.23 

-7.07 

-9.08 

0.0001  NaOH 

-2.64 

-6.68 

-7.46 

0.001    NaOH 

-0.735 

-5.12 

-6.90 

Figure  4  gives  the  curves  obtained  from  Tables  VI  and  VII.    The  osmose 
of  hydrodiloric  acid  and  sodium  hydroxide  in  double  cells  with  parchment 


NaOM  -  OouftLf. 


Osnosc  i,r  MCl  * 

SWCLLINJC    or 

I  N-.Ori.^MCt 


NJDli'5iNCLcCai:3 

L/y^lNARIA  . 


Nuon 


Pig.  4. 


paper  membrane  is  plotted  on  the  same  codrdinates  as  the  swelling 
of  laminaria  in  hydrochloric  acid  and  sodium  hydroxide.  The 
laminaria  was  softened  in  distilled  water  imtil  it  could  be  cut,  was  then  cut 
into  thin  slices,  each  slice  weighed,  and  placed  in  a  solution  of  add  or 
alkali  for  cme  hour,  and  weighed  again. 
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Figure  5  gives  the  curves  obtained  from  Table  VIII  and  from  the  values 
of  osmose  ¥rith  parchment  from  Tables  III  and  IV.  The  osmose  of 
hydrochloric  acid  and  sodium  hydroxide  in  single  cells  ¥rith  parchment 
paper  membrane  is  plotted  on  the  same  codrdinates  as  the  swelling  of 
laminaria  in  hydrochloric  add  and  sodium  hydroxide.  In  this  case  the 
laminaria  was  cut  in  thin  sections  and  then  placed  in  distilled  water  until 
it  had  swollen  nearly  to  a  maximum  in  the  water,  when  it  was  placed  in 
solutions  of  acid  and  alkali  and  allowed  to  swell  further.  This  gave  a  curve 
similar  to  that  for  laminaria  in  Pig.  4  but  the  swelling  was»  for  the  most 
part,  not  so  great  and  the  maximum  points  came  ^t  higher  concentrations. 
Figure  6  gives  the  curves  obtained  from  Tables  IX  and  X.  The  osmose 
of  chlorides  in  double  cells  using  parchment  paper  membrane  ¥rith  the  same 
RCLATioN  or  Oano^c  to  swclling  with   concentration  of  acid  or  alkali  in  both 

compartments  of  the  cell  is  plotted  on 
the  same  co6rdinates  as  the  swelling  of 
laminaria  in  solutions  of  chlorides  in 
add  and  alkali.  The  laminaria  had 
previously  been  soaked  in  add  and 
alkali  of  the  same  concentration  as 
that  in  the  chloride  solution  in  which 
it  was  subsequently  allowed  to  swell. 

The  curves  for  osmose  and  swelling 
are  not  quantitativdy  comparable,  as 
the  substances  used  are  not  identical. 
Also,  the  liquid  on  the  inside  of  the 
laminaria  was  not  pure  water,  but 
contained  dissolved  material.  Besides 
this  there  was  a  difference  in  the  vol- 
ume ratios  of  dilute  and  concentrated  solution  used  in  the  swelling  and 
osmose  experiments  which  would  tend  tp  make  a  difference  in  the  final 
results.  It  would  seem,  however,'  that  conditions  were  nearly  enough 
alike  to  warrant  a  qualitative  comparison. 

In  general  the  osmose  curves,  when  plotted  as  above,  are  the  opposite 
of  the  swelling  curves.  That  is,  a  negative  osmotic  tendency  corresponds 
to  a  swelling  effect,  while  a  positive  osmotic  tendency  corresponds  to  a 
shrinking  effect. 

Data  and  curves  for  the  swelling  of  such  substances  as  gdatin,'  barley,^* 
fibrin,**  glutin,**  sunflower  seeds,**  and  protoplasm**  are  to  be  fotmd  in  the 
literatture.    The  similarity  of  the  swelling  curves  for  these  widdy  different 
i>  Hoagland,  SoU  Science,  3,  547  (1917). 
!•  Fisdier,  Pfluger's  Arch.,  125*  99  (1908). 
^<  Upson  and  Calvin,  This  Journal,  37, 1295  (1915). 
u  Borowikow,  Biochem.  Z.,  4S,  236  (1913). 
»  Lloyd,  Trans.  Roy.  Soc.  Canada,  [3]  11, 133  (1917). 
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substances  would  lead  us  to  believe  that  the  manner  of  swelling  was  similar 
in  all  cases.  Different  conditions  and  materials  give  the  saibe  general  type 
of  curve,  but  with  maximtun  and  minimimi  values  coming  at  somewhat 
different  concentrations.  In  all  cases  the  swelling  seems  to  increase  with 
addition  of  acid  or  alkali  up  to  a  certain  point,  when  it  decreases  again.  The 
authors  believe  that  a  further  study  of  anomalous  osmose  and  its  relation  to 
the  swelling  of  colloid  materials  should  find  important  applications  in  vari- 
ous problems  of  biology ;  also  in  such  every  day  problems  as  tanning,  the 
preservation  of  fruits,  meats,  etc. ;  in  fact  in  all  problems  in  which  the  direc- 
tion of  flow  of  solutions  through  membranes  cannot  be  predicted  from  a 
knowledge  of  the  isotonic  values  of  the  solutions  concerned. 
Ann  Arbor,  Michigan 

[Contribution  prom  thk  Dbpartmbnt  of  CHSinsTRY;  Cornbli^  University.] 

GERMANIUM.  HI.     GERMANIUM  TETRABROMIDE  AND  GER- 
MANIUM TETRACHLORIDE.! 

By  L.  M.  Dennis  and  F.  E.  Hancb. 

^  Received  December  5,  1921. 

Germanium  Tetrabromide. 

Winkler*  prepared  what  he  assumed  to  be  germanium  tetrabromide 
by  heating  germanium  in  vapor  of  bromine,  and  also  by  heating  a  mix- 
ture of  pulverized  germanium  and  mercuric  bromide.  He  stated  the  prod- 
uct to  be  a  mobile,  fuming  liquid  which  solidified  at  0°  or  slightly  below 
that  temperature  to  a  white  crystalline  mass.  He  did  not  analyze  or 
make  a  detailed  study  of  the  compound  because  of  lack  of  material. 

The  present  investigation  describes  the  preparation  and  further  study 
of  this   substance. 

MateriaL — Germanium  was  prepared  in  finely  divided  form  by  reducing'. german- 
ium dioxide  in  a  current  of  hydrogen  at  temperatiwes  between  550®  and  600®.  Toward 
the  end  of  the  reduction  the  temperature  was  raised  to  900°. 

Bromine  was  ptuified  by  first  digesting  it  with  calcium  bromide  and  zinc  oxide/ 
then  distilling  the  bromine,  converting  the  middle  fraction  to  hydrobromic  add  by 
treating  it  with  sulfur  dioxide  in  the  presence  of  water,  distilling  the  hydrobromic  acid, 
9Bd  liberating  the  bromine  from  this  by  means  of  pure  manganese  dioxide.  This 
bromine  was  redistilled,  was  next  dried  over  phosphorus  pentoxide,  and  was  then  again 
distilled.    The  middle  fraction  was  used. 

PrefMratton  of  Germanium  Tetrabromide. — Powdered  germanium  was  placed  in 
»l""^^im  boats  which  were  inserted  in  a  tube  of  Jena  glass  lying  in  an  electric  com- 
bustion furnace.    A  thermometer  was  laid  in  the  combustion  tube  beside  the  boats. 

^  The  investigation  upon  which  this  article  is  based  was  supported  by  a  grant  from 
the  Hedkscher  Foundation  for  the  Advancement  of  Research,  established  by  August 
Hedcsdier  at  Cornell  University. 

»\rmkler,  /.  prakt.  Oem.,  144  (N.  S.  36),  193(1887). 

'  Further  details  concerning  this  reaction  will  be  given  in  a  later  article. 

*  Richards  and  Merigold,  Pro'c.  Am.  Acad.  Arts  Set.,  37,  387  (1901-2). 
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To  the  front  end  of  this  tube  was  attached  an  inverted  T-tube.  The  upright  arm  of 
the  T-tube  wa^  sealed  to  a  separatory  funnel  containing  bromine.  The  further  end 
of  the  T*tube  was  joined  to  a  chain  of  apparatus  supplying  purified  nitrogen.  The 
exit  end  of  the  combuscion  tube  was  brought  well  within  a  long  adapter  which  in  turn 
was  fused  to  the  inlet  tube  of  the  first  of  2  small,  all-glass  distilling  bulbs.*  The  side 
arm  of  the  second  bulb  was  connected  with  a  U-tube  containing  calcium  bromide,  and 
this  to  a  water  suction-pump  and  manometer. 

In  beginning  the  procedure,  nitrogen  was  started  flowing  slowly  through  the  apparatus. 
Slightly  diminished  pressure  was  maintained  throughout  the  run  by  suitable  adjustment 
of  the  suction  pump.  When  the  whole  apparatus  was  filled  with  nitrogen,  bromine  was 
slowly  admitted  into  the  T-tube.  A  small  alcohol  lamp  placed  beneath  this  tube  has- 
tened the  volatilization  of  the  bromine.  A  freezing  mixture  of  ice  and  salt  was  brought 
up  arotmd  the  bulb  that  served  as  the  first  receiver. 

Reaction  between  the  bromine  and  germanium  began  at  once  in  the  unheated 
tube  (26°),  small,  colorless  globules  of  oily  liquid  appearing  on  the  inner  surface  of  the 
tube.  Combination  of  the  two  elements  apparently  ceased  after  a  short  time,  and 
vapor  of  bromine  passed  over  into  the  receiver.  The  temperature  of  the  tube  was  then 
slowly  raised.  At  180  °  slow  union  again  was  discernible.  At  220  °  germanium  bromide 
was  rapidly  produced,  and  it  was  found  that  bromine  could  now  be  admitted  at  the  rate 
of  20  drops  per  minute  without  any  appreciable  amotmt  of  it  escaping  combination 
with  the  germanium.  The  temperature  was  maintained  at  220°  tmtil  the  interaction 
apparently  had  ceased  and  free  bromine  appeared  in  the  receiver.  Dtuing  the  experi- 
ment, an  oily  liquid  had  steadily  passed  over,  and  had  collected  entirely  in  the  first  of 
the  receiving  bulbs.  The  admission  of  bromine  was  now  stopped  and  the  apparatus 
was  allowed  to  cool  in  the  current  of  nitrogen.  During  this  interval  the  distillate  in  the 
cooled  receiver  solidified  to  a  yellowish-white  solid. 

There  remained  in  the  alundum  boats  a  grayish- white  residue  which  proved  to  be 
chiefiy  germaniflm  dioxide.  The  reasons  for  its  occurrence  here  will  be  discussed  in  a 
later  article. 

The  flask  containing  the  distillate  was  disconnected  from  the  chain,  a  U-tube 
filled  with  calcium  bromide  was  attached  to  the  side-arm,  and  the  neck  of  the  flask 
was  tightly  stoppered.  The  contents  was  warmed  until  it  melted,  and  about  2  cc.  of 
merctu-y  was  then  introduced.  Agitation  of  the  flask  soon  removed  the  free  bromine, 
and  the  supernatant  liquid  became  clear  and  colorless.  Later  ^analysis  showed  that 
the  pr6duct  is  germanium  tetrabromide.  Before  making  the  analysis  to  establish  its 
identity,  the  liquid  was  purified  by  fractional  distillation  and  its  boiling  point  was 
determined. 

The  germanium  tetrabromide  was  siphoned  from  the  mercury  into  a  dry  dis- 
tilling flask,  the  substance  being  carefully  protected  from  moisture  during  the  transfer. 
It  was  then  twice  distilled,  but  a  sample  of  the  second  distillate  showed  on  spectroscopic 
examination  the  presence  of  a  slight  amotmt  of  mercury.  For  this  reason  a  second 
preparation  of  the  germanium  tetrabromide  was  made,  and  from  this  the  free  bromine 
was  removed  by  repeated  fractional  distillation  instead  of  by  the  use  of  mercury.  A 
large  middle  fraction  that  passed  over  at  about  183  °  was  then  used  for  the  determination 
of  the  boiling  point  and  71  readings,  taken  at  1-minute  intervals,  gave  a  constant  boiling 
point  of  183.0%  the  total  weight  of  the  germanium  tetrabromide  that  distilled  over  at 
this  temperature  being  07.47  g.  The  corrected  boiling  point  was  then  calculated  ac- 
cording to  the  formulas  given  by  Young.*  There  is  no  formula  that  is  generally  appli- 
cable to  the  accurate  correction  of  the  observed  boiling  point  to  that  under  standard 

*  See  Dennis  and  Bridgman,  This  Journai«,  40,  1543,  Pig.  5  (1918). 

<  Young,  "Fractional  DistillaUon,"  MacMillan  and  Co.,  1903,    pp.  12,  14. 
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pressure.  Young  states  that  quite  precise  results  are,  however,  obtained  by  the  use  of 
the  formula  9  =  X(760-P)  (273+/).  Provided  the  value  of  the  constant  K  is 
determined  experimentally,  8  is  the  correction  in  centigrade  degrees  to  be  added  to 
the  observed  boiling  point  /,  and  P  is  the  barometric  pressure  corrected  to  0**.  Young 
gives  the  value  of  it  for  several  substances  among  which  are  silicon  tetrachloride  and 
tin  tetrachloride.  He  further  states  that  the  value  of  the  constant  is  not  altered  by 
replacing  one  halogen  by  another.  Inasmuch  as  germanium  lies  between  silicon  and 
tin  in  the  fourth  group  of  the  periodic  table,  the  value  of  K  for  germanium  tetrachloride 
and  germanium  tetrabromide  may  be  assumed  to  lie  midway  between  the  value  for 
silicon  tetrachloride,  0.000126,  and  that  for  tin  tetrachloride,  0.000121.  The  boiling 
point  (tf  germanium  tetrabromide  thus  corrected  is  185.9^. 

Analysis. — Portions  of  about  2  g.  each  of  the  substance  were  introduced 
into  small  glass  capsules  of  known  weight  and  the  capsules  were  then 
sealed  and  weighed  again.  A  capsule  was  broken  imder  absolute  alcohol 
and  the  solution  was  diluted  to  250  cc.  with  absolute  alcohol.  Two  por- 
tions of  this  solution  were  used  for  the  analyses.  The  bromine  was-  de- 
termined by  precipitation  as  silver  bromide.  The  filtrate  was  freed  from 
silver  by  the  addition  of  hydrobromic  acid  in  very  slight  excess.  The 
silver  bromide  was  filtered  ofiF,  cone,  hydrochloric  acid  was  added  to  the 
filtrate  until  the  acidity  was  6  N  and  the  germanium  was  then  precipitated 
by  hydrogen  sulfide.  The  germanium  sulfide  was  washed  with  alcohol, 
was  then  oxidized  with  nitric  acid,  was  ignited  at  red  heat  to  constant 
weight,  and  was  weighed  as  germanium  dioxide. 

In  calculating  the  results  of  the  analyses,  72.5  was  used  as  the  atomic 
weight  of  germanium. 


Wt.  of  GeBr4 

Wt.  of  Ge 

Wt.  of  Br 

Calc. 

Found 

Calc. 

Foimd 

G. 

G. 

G. 

G. 

G. 

0.2158 

0.0398 

0.0403 

0.1769 

0.1753 

0.2158 

0.0398 

0.0399 

0.1759 

0.1756 

The  results  of  the  analyses,  while  not  in  very  dose  accord  with  those  cal- 
culated, suflSce  to  establish  the  identity  of  the  substance  as  germanium 
tetrabromide. 

Melting  Point. — About  90  g.  of  germanium  tetrabromide  of  constant 
boiling  point  was  brought  into  a  large  test-tube  and  its  melting  point 
was  determined  with  the  aid  of  an  Anschiitz  thermometer  that  had  been 
calibrated  by  the  Bureau  of  Standards.  The  observed  melting  point  was 
26**.    The  corrected  melting  point  was  26.1°. 

Crystal  Form. — ^A  crystallographic  examination  of  the  substance  was 
kindly  made  for  us  by  Professor  A.  C.  Gill  of  the  Department  of  Miner- 
alogy. Inasmuch  as  the  substance  could  not  be  exposed  to  the  air  during 
observation  under  the  microscope,  a  sample  of  about  1  cc.  was  sealed  in 
a  thin-walled  glass  tube  and  was  cooled  therein  until  it  crystallized.  The 
crystals  were  found  to  be  briUiant,  white,  flattened  octahedrons  which 
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under  polarized  light  proved  to  be  isotropic,  indicating  that  they  belong 
to  the  regular  system. 

Index  of  Refraction. — An  approximate  determination  of  the  index  of 
refraction  was  first  made  using  a  microscope,  Abbe  condenser,  and  gradu- 
ated screen.  The  germanium  tetrabromide  was  placed  in  a  small  brass 
cell  that  was  mounted  on  a  cover  glass.  The  cell  was  first  calibrated  with 
water,  oil  of  cedar,  and  oil  of  cassia.  The  approximate  value  for  the  re- 
fractive index  thus  obtained  was  1.61. 

More  accurate  determinations  of  the  index  of  refraction  were  then  made 
with  an  Abbe  refractometer.  The  super-cooling  exhibited  by  germanitmi 
tetrabromide  made  it  possible  to  obtain  a  series  of  readings  at  temperatures 
below  the  melting  point  of  the  substance. 

Temperature  Index  of  Refraction 

•C. 

20.76  1.6296 

21.10  1.6292 

22.20  1.6283 

24.00  1.6274 

24.50  1.6272 

25.60  1.6268 
Index  of  Refraction  of  Germanium  Tetrabromide  at  26®  =  1 .6269. 

Specific  Gravity. — A  pycnometer  of  lOcc.  capacity  was  dried  over 
phosphorus  pentoxide  and  was  then  quickly  filled  with  germanium  tetra- 
bromide. The  measurements  were  made  at  29°  to  keep  the  substance  in 
a  liquid  state.    At  this  temperature,  dig*  =  3.1315. 

Electrical  Conductivity. — ^An  alternating  current,  1000  cycles  per 
second,  was  used.  Resistance  was  measured  by  a  Wheatstone  bridge 
with  telephone  attachment.  A  conductivity  cell  of  18cc.  capacity 
and  90  mm.  between  platinum  electrodes,  was  filled  with  germanium 
tetrabromide  and  was  at  once  sealed  to  prevent  contact  with  the  moisture 
of  the  air.  The  cell  was  placed  in  a  bath  that  was  maintained  at  a  constant 
temperatiu-e  of  30°.  A  resistance  totaling  300,000  ohms  was  found  to  be 
insufficient  to  balance  the  resistance  of  the  cell.  This  shows  that  the 
specific  conductivity  of  germanium  tetrabromide  is  less  than  0.000078 
mho. 

Chemical  Properties. — In  the  liquid  form  germanium  tetrabromide 
is  a  colorless,  mobile  liquid  which  fumes  when  brought  into  contact  with 
the  air.  It  shows  to  a  marked  degree  the  property  of  super-cooling,  and 
it  was  found  that  the  liquid  when  not  agitated  could  be  chilled  to  a  tern-, 
perature  of  — 18°  before  it  solidified.  The  substance  crystallizes  in  minute, 
white  octahedrons.  This  crystalline  mass  gradually  changes  on  standing 
into  a  clear,  hard,  transparent,  glass-like  material  with  fractures  running 
through  it  like  the  fissures  in  a  lump  of  cracked  glass. 
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When  a  few  drops  of  water  were  added  to  about  1  cc.  of  liquid  german- 
ium tetrabromide,  hydrolysis  at  once  took  place  with  the  evolution  of 
heat.  A  layer  of  hydrated  germanium  dioxide  formed  at  the  siuface, 
and  if  the  tube  was  not  agitated,  two  liquid,  layers  appeared  below  this 
solid  crust.  The  lower  layer  consisted  of  unchanged  germanium  tetra- 
bromide and  the  upper  layer  of  a  suspension  of  germanium  hydroxide. 

When  a  drop  of  germanium  tetrabromide  was  allowed  to  fall  into  water, 
a  small,  white  ring  of  hydrated  germanium  dioxide  was  formed  and  further 
deposit  of  the  white  hydroxide  around  the  circumference  of  this  ring  rapidly 
built  up. 

In  one  experiment  25  g.  of  germanium  tetrabromide  was  poured  into 
50  cc.  of  water.  The  tetrabromide  sank  to  the  bottom  of  the  tube,  and 
at  the  surface  of  contact  between  the  two  liquid  layers  there  was  rapidly 
formed  a  heavy  film  of  germanium  hydroxide.  Above  this  film  there 
gradually  appeared  a  fine  suspension  of  this  substance.  The  layer  of 
germanium  hydroxide  protected  the  tetrabromide  below  it  from  further 
hydrolysis  for  more  than  24  hours,  the  hydroxide  forming  a  tough  imper- 
vious stratum.  The  water  above  this  layer  of  germanium  hydroxide  grad- 
ually deared  and  this  clear  solution  gave  a  decided  acid  reaction  to 
litmus.  When  germanium  tetrabromide  is  dropped  into  water,  there  is 
noted  a  slight  but  distinct  crackling  soimd.  It  is  scarcely  audible  and  it 
would  probably  have  escaped  attention  were  it  not  for  the  fact  that  a 
similar  phenomenon  had  already  been  noticed  when  germaniiun  tetra- 
chloride and  water  are  brought  together. 

When  a  few  drops  of  germanium  tetrabromide  were  allowed  to  fall  into 
2  cc.  of  cone,  sulfuric  acid,  the  substance  sank  to  the  bottom  of  the  tube  and 
no  reaction  nor  visible  change  took  place  diuing  the  several  days  that  the 
tube  was  allowed  to  stand  at  room  temperatiu-e.  This  behavior  is  similar 
to  that  of  the  tetrachlorides  of  tin  and  lead,  elements  which  lie  below 
germanitun  in  Group  4  of  the  Periodic  Table.^ 

When  germanium  tetrabromide  was  introduced  into  an  aqueous  solu- 
tion of  potassium  hydroidde  (1:4),  reaction  took  place  at  once  with  the 
evolution  of  heat.  Germanium  hydroxide  first  separated  and  then  quickly 
dissolved  in  the  alkali.  When  carbon  dioxide  was  passed  through  this 
solution  of  potassitun  germanate,  a  heavy  white  precipitate  resulted. 

When  germanium  tetrabromide  was  dropped  into  cone,  nitric  acid,  it 
fell  to  the  bottom  of  the  tube  and  gradually  became  deep  orange  in  color. 
The  nitric  acid  above  the  tetrabromide  became  yellow  and  turbid  and 
was  rapidly  reduced.  The  layer  of  germanium  tetrabromide  soon  became 
dark  brown  in  color  and  a  disk  of  white  germanium  oxide  formed  between 
the  two  liquid  layers.  After  about  1 5  minutes  the  color  of  the  tetrabromide 
changed  to  black  and  the  reaction  between  it  and  the  nitric  acid  went  on 
^  Friedrich,  B^.,  20,  1434  (1893). 
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slowly  with  copious  evolution  of  nitric  oxide.  After  the  reaction  had 
ceased,  water  was  added  to  the  contents  of  the  tube  whereupon  there 
formed  a  precipitate  that  appeared  to  consist  of  white  powder,  a  yellowish 
substance,  and  the  black  amorphous  precipitate  previously  mentioned. 
The  supernatant  liquid  was  clear  and  of  a  pale  yellow  color.  After  stand- 
ing for  24  hours,  the  precipitate  in  the  bottom  of  the  tube  became  entirely 
white.  * 

With  dry  ammonia,  germanium  tetrabromide  formed  a  white  solid 
compound  which  is  probably  analogous  to  the  corresponding  compotmds 
of  ammonia  with  the  tetrabromides  of  silicon  and  tin.  This  substance  is 
now  being  subjected  to  further  study. 

Germanium  tetrabromide  was  foimd  to  be  soluble  in  absolute  alcohol, 
carbon  tetrachloride,  benzene,  and  ether  without  decomposition.  It 
dissolves  in  acetone  but  slow  decomposition  takes  place  with  the  liberation 
of  bromine. 

Germanium  Tetrachloride. 

Germanium  tetrachloride  was  first  prepared*  by  Clemens  Winkler  in 
1886.  He  found  its  specific  gravity  to  be  1.887  at  18°,  its  boiling  point 
86°,  and  he  adds  that  it  did  not  solidify  at  —20°.  In  our  investigations 
upon  the  compounds  of  germanium  with  the  halogens,  it  seemed  desirable 
to  redetermine  the  above  constants  of  germanium  tetrachloride  and  to 
study  somewhat  further  the  properties  of  the  compound. 

Preparation. — In  the  preparation  of  germanium  tetrabromide  by  the 
action  of  bromine  upon  germanium  that  had  been  prepared  by  the  re- 
duction of  germanium  dioxide  in  hydrogen,  the  very  considerable  residue 
of  germanium  dioxide  that  remained  after  action  between  the  metal  and 
bromine  had  ceased,  showed  that  reduction  of  germanium  dioxide  by 
hydrogen  is  difiicult  to  carry  to  completion  when  fairly  large  quantities 
of  the  oxide  are  employed.  In  the  preparation  of  germanium  tetrachloride, 
a  large  yield  was  obtained  by  employing  crystalline,  fused  germanitmi* 
that  had  been  pulverized  and  thoroughly  freed  -from  any  adhering  flux. 

This  metallic  germanium  was  heated  in  a  current  of  chlorine  in  an 
apparatus  quite  similar  to  that  used  for  the  preparation  of  germanium  tetra- 
bromide, except  that  the  lower  boiling  point  of  the  tetrachloride  rendered 
necessary  a  modification  of  the  condensing  tube.  This  was  given  the 
shape  of  a  U-tube,  to  the  bend  of  which  there  was  fused  a  short  tube  that 
terminated  in  a  bulb  of  about  60cc.  capacity.  The  condensed  germanium 
tetrachloride  flowed  down  into  this  bulb  and  evaporation  of  the  liquid  by 
the  nitrogen  and  chlorine  flowing  through  the  apparatus  during  the  run 
was  thus  greatly  lessened. 

•  Winkler,  /.  prakt.  Chem.,  142  (N.  S.  34).  177  (1886). 

*  The  maimer  of  its  preparation  will  be  described  in  a  later  article- 
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About  30  g.  of  pulverized  germanium  was  placed  in  boats  in  the  combustion  tube. 
Purified  nitrogen  was  then  passed  through  the  apparatus.  A  freezing  mixture  of  ice 
and  salt  was  packed  around  the  U-tube  condenser,  the  current  of  nitrogen  was 
turned  off,  and  dry  chlorine  that  had  been  freed  from  vapor  of  sulfiuic  acid  by  passage 
through  glass  wool  was  then  passed  through  the  apparatus.  The  temperature  of  the 
electric  combustion  furnace  was  gradually  raised.  Reaction  between  the  germanium 
and  chlorine  began  at  about  80°,  and  at  180°  there  was  rapid  combination  of  the  two 
elements,  although  the  heat  of  formation  of  the  chloride  did  not  bring  the  metal  to 
incandescence.  When  the  temperature  was  raised  to  360°^  near  the  end  of  the  experi- 
ment, the  metal  glowed  brilliantly  when  the  chlorine  was  rapidly  passed  through  the 
tube. 

The  germanium  tetrachloride  was  completely  condensed  in  the  U-tube.  The 
yield  was  about  45  cc.  A  very  slight  reddish-brown«residue  remained  in  the  porcelain 
boats.  The  passage  of  chlorine  was  now  discontinued,  and  nitrogen  was  run  through 
the  apparatus  while  it  cooled. 

It  was  found  impracticable  to  free  the  germanium  tetrachloride  from  chlorine  by 
fractional  distillation.  Five  fractionations  gave  a  final  product  that  still  contained 
some  free  chlorine.  The  chlorine  was  removed  by  placing  the  tetrachloride  in  a  distilling 
flask  that  had  a  long  neck  that  was  constricted  at  its  lower  end  and  was  provided  with 
a  side-arm  close  to  its  upper  end.  A  cork  in  the  neck  carried  a  glass  tube  that  reached 
downward  into  the  liquid.  The  space  between  this  tube  and  the  wall  of  the  neck  of 
the  flask  was  tightly  packed  with  glass  wool.  The  neck  of  the  flask  was  cooled  by  a 
refrigerant  on  the  outside  to  prevent  volatilization  of  germanium  tetrachloride.  The 
side-arm  of  the  flask  was  joined  to  a  condenser,  and  this  connected  to  a  U-tube  that  was 
packed  in  a  freezing  mixture.  Upon  passing  dry  air  through  the  liquid  at  room  tem- 
perature for  7  hours,  it  was  found  that  the  germanium  tetrachloride  had  been  freed 
from  chlorine  and  that  only  a  very  small  amount  of  the  tetrachloride  had  been  carried 
over  through  the  condenser. 

The  residual  germanium  tetrachloride  was  then  fractionally  distilled  from  the 
flask.  The  bulk  of  the  product  passed  over  between  85.2  °  and  85.8°,  and  a  large  middle 
fraction  was  obtained  that  showed  a  constant  boiling  point  of  85.6°.  This  fraction  was 
redistilled  and  all  but  a  trace  of  residue  passed  over  at  85.6°.  The  corrected *» 
boiling  point  of  germanium  tetrachloride  is  86.5°. 

•  Analysis. — Known  amounts  of  the  substance  were  sealed  oS  in  glass 
capsules.  A  capsule  was  broken  under  absolute  alcohol,  the  solution  was 
diluted  with  alcohol  to  100  cc  ,  and  separate  portions  of  this  solution  were 
used  for  the  determination  of  chlorine  by  precipitation  with  silver  nitrate, 
and  for  that  of  germanium  with  hydrogen  sulfide. 
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The  analysis  identifies  the  subrtance  as  germanium  tetrachloride. 
Melting  Point. — ^A  preliminary  determination  with  a  pentane  ther- 
mometer gave  —49**  as  the  melting  point  of  the  compound.    The  constant 
»  Sec  p.  300. 
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was  then  accurately  determined  under  the  direction  and  with  the  assistance 
of  Professor  C.  C.  Bidwell  of  the  Department  of  Physics,  and  we  take 
pleasiure  in  expressing  here  our  appreciation  of  his  kindly  cooperation. 

The  determinations  were  made  with  a  gold  resistance  thermometer, 
the  resistance  being  measurec^  by  the  fall  of  potential  method.  The 
instrument  was  calibrated  against  the  boiling  points  of  sulfur  and  water, 
the  ice  point,  and  the  freezing  point  of  mercury. 

A  test-tube  was  filled  with  piu-e  germanium  tetrachloride  to  a  depth  of 
8  cm.  which  sufficed  to  completely  immerse  the  thermometer.  A  larger 
test-tube  was  brought  up  arouad  the  smaller  one  to  protect  the  latter 
from  direct  contact  with  the  refrigerating  agent,  liquid  air,  and  to  avoid 
too  rapid  rise  of  temperature  of  the  frozen  samples  after  the  liquid  air 
was  removed. 

The  melting  point  of  germanium  tetrachloride  was  found  to  be  —49.5° 

Index  of  Refraction. — The  measurement  was  made  with  an  Abbe 
refractometer,  and  the  index  of  refraction  at  27°  was  found  to  be  1.3606. 

Specific  Gravity. — A  py6nometer  of  25cc.  capacity  was  thoroughly 
dried  and  was  filled  with  germanium  tetrachloride  in  a  dry  atmosphere; 
dill  =  1.874. 

Chemical  Properties. — Germanium  tetrachloride  is  a  colorless,  mobile 
liquid  that  fumes  strongly  when  brought  into  contact  with  the  air.  Our 
observations  of  the  behavior  of  germanium  tetrachloride  when  brought 
into  contact  with  water,  are  substantially  identical  with  those  of  Winkler.® 
Of  peculiar  interest  is  the  crackling  sound  that  is  emitted  when  the  two 
substances  interact.  If  the  container  is  not  shaken,  this  snapping  persists 
for  hours,  and  can  be  heard  at  a  distance  of  2  meters. 

When  germanium  tetrachloride  is  dropped  into  cone,  sulfuric  acid  of 
room  temperatiure,  it  sinks  to  the  bottom  of  the  tube  and  is  not  attacked 
by  the  acid  even  on  long  standing.  ^^ 

Germanium  tetrachloride  reacts  violently  with  a  1 : 4  solution  of  potas- 
sium hydroxide,  the  heat  of  reaction  causing  the  distillation  of  some  of 
the  tetrachloride  before  interaction  is  complete.  The  germanium  dioxide 
that  forms  and  dissolves  in  the  excess  of  the  reagent  is  precipitable  by  car- 
bon dioxide. 

When  germanium  tetrachloride  is  dropped  into  cone,  nitric  acid,  it 
sinks  to  the  bottom  and  slow  reduction  of  the  acid  takes  place  at  the 
surface  of  contact  between  the  two  liquids.  The  tetrachloride  becomes 
yellow  in  color  but  remains  clear.  Vigorous  agitation  somewhat  hastens 
the  reaction,  but  does  not  cause  immediate  decomposition  of  the  tetra- 
chloride. When  the  container  is  not  shaken,  a  considerable  portion  of 
the  tetrachloride  still  remains  unattacked  after  48  hours.  Upon  dilution 
"  See  also  H.  Friedrich,  MonatsK  14,  505  (1893). 
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of  the  acid  with  half  its  volume  of  water,  however,  a  slow  but  steady  de- 
composition of  the  tetrachloride  ensues. 

When  ammonia  is  passed  into  germanium  tetrachloride,  much  heat  is 
evolved  and  a  white  precipitate  is  formed.  This  substance  is  now  being 
subjected  to  further  study. 

Germanium  tetrachloride  is  soluble  in  absolute  alcohol,  carbon  disulfide, 
carbon  tetrachloride,  benzene,  chloroform,  and  ether.  It  dissolves  in 
acetone  with  the  formation  of  a  light  orange  colored  liquid. 

Summary. 
This  article  deals  with  the  preparation  and  purification  of  germaniun 
tetrabromide  and  germanium  tetrachloride,  the  analyses  determination  of 
the  boiling  points,  melting  points,  indexes  of  refraction,  specific  gravities, 
and  some  of  the  chemical  properties  of  the  two  compounds,  and  the  crystal 
form  and  electrical  conductivity  of  germanium  tetrabromide. 
Ithaca,  Nbw  York. 

[Contribution  from  thq  Citbmicai^  Laboratory  op  Nbw  HAMPsnntB  Courses.] 

THE  ATOMIC  WEIGHT  OF  YTTRTOM. 

By  H.  C.  Fogg  .and  C.  Jambs. 

Received  December  16.  1921. 

This  work  was  undertaken  because  the  atomic  weight  of  yttrium,  the  com- 
monest member  of  the  yttrium  earths,  varies  considerably  according  to 
the  results  published  by  different  workers.  Among  the  publications 
concerning  this  work  only  those  which  appear  to  the  writers  to  be  of  major 
importance  are  discussed  below. 

Clfeve^  carefully  purified  yttria,  first  by  means  of  the  basic  nitrate 
method,  and  finally  by  fractionally  precipitating  the  oxalate  from  very 
add  solutions  of  the  nitrate  in  order  to  remove  the  last  traces  of  terbium. 
He  found,  as  a  result  of  12  determinations  by  the  synthesis  of  the  sulfate, 
the  value  89.12. 

Jones'  used  yttrium  oxide,  very  carefully  purified  by  the  sodium  sulfate 
method  to  remove  members  of  the  cerium  group  and  then  by  the  ferro- 
cyanide  method  to  throw  out  erbium,  etc.  His  ratio  of  yttrium  oxide  to 
sulfate  gave  an  atomic  weight  of  88.96  as  a  mean  of  10  determinations. 
A  second  series  in  which  the  sulfate  was  converted  to  oxide,  yielded  the 
value  88.98  as  the  average  of  10  analyses. 

Feit  and  Przibylla'  by  means  of  a  volumetric  method  obtained  89.346 
as  a  mean  of  6  runs. 

Meyer  and  Wuorinen*  roughly  separated  the  yttrium  and  cerium  earths 

»CWvc  Compt.  rend.,  95,  1226  (1882). 

« Jones,  Am.  Chem.  /.,  14,  154  (1895). 

» Fdt  and  Przibylla,  Z,  anorg.  Chem.,  50,  262  (1906). 

« Meyer  and  Wuorinen,  ibid.,  80,  7  (1913). 
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by  the  use  of  sodium  sulfate.  The  yttrium  earths  were  then  further 
purified  by  two  new  methods:  (a)  the  fractional  hydrolysis  of  the  phthal- 
ates;  (b)  the  precipitation  as  the  iodate  from  dil.  nitric  acid  solution.  By 
synthesis  of  the  sulfate  they  obtained  88.71  and  88.73.  Later  Meyer  and 
Weinheber*  working  with  material  that  had  been  extensively  purified  by 
the  iodate  method,  obtained  the  values  88.75  as  a  mean  of  6  determina- 
tions using  the  sulfate  to  oxide  ratio,  and  88.76  as  a  •  mean  of  3  experi- 
ments involving  the  oxide  to  sulfate  ratio. 

Hopkins  and  Balke*  purified  their  yttrium  oxide  by  first  submitting  it 
to  a  series  of  crystallizations  of  the  bromates,  followed  by  the  fractional 
precipitation  of  the  basic  nitrate  by  means  of  sodium  nitrite.  The  re- 
sults obtained  from  6  runs  of  the  oxide-to-chloride  ratio  gave  an  average 
of  88.91.  Later  Kremers  and  Hopkins^  using  the  same  material,  studied 
the  ratio  of  yttrium  chloride  to  silver.  As  an  average  of  f  results  they 
obtained  the  value  89.33. 

With  the  exception  of  the  last  three  sets  of  results,  those  given  above 
were  obtained  from  the  sulfate-to-oxide  ratio  or  vice  versa.  These  proc- 
esses have  been  justly  criticized  by  various  workers  from  time  to  time,  as 
can  be  ascertained  by  reference  to  previous  papers  upon  the  subject. 
Of  the  three  remaining  sets,  only  one,  the  last,  involves  the  use  of  a  stand- 
ard method,  namely,  the  chloride-to-silver  ratio. 

The  Extraction  of  Yttrium  Oxide. 
The  material  used  in  this  work  was  derived  entirely  from  Norwegian 
gadolinite  in  the  following  manner. 

The  mineral  was  finely  powdered,  decomposed  by  heating  for  some  time  with  an 
excess  of  1 : 1  commercial  hydrochloric  acid,  diluted  with  water,  filtered  and  precipitated 
waHn  with  a  hot  solution  of  oxalic  acid.  The  washed  and  dried  oxalates  were  converted 
into  sulfates  by  healing  with  cone,  sulfuric  acid  until  white  fumes  ceased  to  be  evolved. 
The  sulfates  were  dissolved  in  cold  water  in  a  large  copper  tank  provided  with  a  mechan- 
ical stirrer.  The  resulting  solution,  which  was  not  completely  saturated,  was  poured 
over  an  excess  of  banum  bromate,  gently  warmed,  and  well  stirred.  As  soon  as  the 
decomposition  was  complete,  the  solution  was  removed  by  filtration.  The  residue,  which 
consisted  of  barium  sulfate  and  barium  bromate,  was  treated  with  more  rare  earth 
sulfate  solution.  When  an  excess  of  sulfate  ions  was  found  to  be  present  after  long 
heating  and  stirring,  it  was  concluded  that  practically  all  the  barium  bromate  had  been 
exhausted.  The  solution  was  removed  from  the  barium  sulfate  and  the  latter  well 
washed.  The  filtrate  and  wash  water  were  then  potu-ed  over  a  new  lot  of  barium  bro- 
mate. The  mixture  was  gently  heated  and  well  stirred,  as  before,  until  no  test  for  a 
sulfate  could  be  obtained.  The  filtered  liquid  was  then  added  to  the  former  bromate 
solution  and  the  processes  repeated  until  all  the  rare  earth  sulfate  was  converted  to 
bromate. 

Crystallization  of  the  Bromates.^— The  bromates  were  then  submitted  to  a  long 

«  Meyer  and  Weinheber,  Ber.,  46,  2672  (1913). 

•  Hopkins  and  Balke,  This  Journal,  38,  2332  (1916). 
^Kremers  and  Hopkins,  ibid.,  41,  718  (1919). 

•  Tms  JouRNAi,,  30,  182  (1908). 
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series  of  ftactional  crystaOizations.  As  the  fractioaatton  progressed,  the  ertntim  ab- 
sorption spectrum  began  to  fade  in  the  least  soluble,  while  that  of  thulium  appeared  in 
the  most  soluble  fractions.  When  the  erbium  bands  had  completely  disappeared  from  the 
least  soluble  fractions,  they  were  removed  from  the  series.  When  strong  thulium  bands 
appeared  in  the  most  soluble  fractions,  these  were  mixed  together  and  set  aside.  After 
the  work  had  continued  for  a  considerable  time,  the  absorption  bands  of  the  middle 
fractions  gradually  became  weaker.  When  it  became  apparent  that  the  material  con- 
sisted mainly  of  srttrium,  the  fractionation  was  discontinued  and  the  fractions  divided 
into  two  sets,  namely,  (a)  yttrium  bromate  with  some  holmium  and  dysprosium,  and 
minute  amounts  of  erbium;  (b)  yttrium  bromate  containing  a  very  little  erbitun  and 
practically  no  holmium. 

Snce  yttrium  is  more  easily  separated  from  erbium  than  from  holmium,  the  latter 
set  (b)  was  selected  for  the  continuation  of  the  work,  in  which  stage  it  was  decided  to 
employ  the  basic  nitrates. 

Predpitfttion  as  Basic  Nitrates.^~The  bromates  were  boiled  with  an  excess  of 
sodium  hydroxide  solution  until  thoroughly  decomposed.  The  hydroxides  were  filtered 
o£F,  washed  with  boiling  water,  and  dissolved  in  nitric  add.  The  concentrated  solu- 
tion of  nitrates  was  boiled  and  treated  with  dil.  sodium  hydroxide  solution  until  minute 
crystals  could  be  observed  swirling  through  the  Uquid.  The  vessel  was  then  removed 
from  the'  burner  and  allowed. to  stand  for  24  hours.  The  precipitate  of  basic  nitrate 
which  formed  was  filtered  off  and  the  filtrate  treated  with  more  dil.  sodium  hydroxide 
solution  as  above  until  several  fractions  had  been  obtained.  The  precipitates  were 
<lissotved  in  the  least  quantity  of  nitric  add  and  fractionated  in  the  same  manner.  When- 
ever filtrates  or  solutions  of  predpitates  appeared  from  their  absorption  spectra  to  have 
the  same  earth  content,  they  were  united.  As  soon  as  nearly  all  the  erbium  had  been 
removed,  which  was  shown  by  the  bands  becoming  faint,  the  yttrium  was  predpitated 
in  the  form  of  the  oxalate  and  stored  until  6  or  8  kg.  had  been  collected. 

Precipitation  as  Basic  Nitrate  by  Means  of  Sodium  Nitrite.^*^ — During  this  stage 
very  slow  predpitation  was  brought  about  by  boiling  dilute  neutral  nitrate  solutions 
with  sodium  nitrite.  The  sodium  nitrite  was  added  in  small  amounts  at  a  time  and  the 
bmling  continued  until  the  predpitate  was  considered  suffidentiy  large.  This  was 
immediately  filtered  off  and  the  liquid  subjected  to  fractionation  in  the  above  manner 
until  nearly  all  the  yttrium  had  been  removed,  after  which  the  liquid  was  rendered 
slii^tly  add  with  nitric  add  and  predpitated  with  oxalic  add.  Each  basic  nitrate 
predpitate  was  dissolved  in  the  least  quantity  of  nitric  add,  the  solution  diluted,  neu- 
tralized with  dil.  sodium  hydroxide  solution  while  boiling,  and  further  fractionated 
with  sodium  nitrite.  Any  fractions  which  appeared  to  be  similar  after  a  careful  ex- 
amination by  the  spectroscope  were  united.  During  this  fractionation  the  purest 
3rttrium,  whidi  collected  in  the  last  or  most  basic  fractions,  was  placed  aside  when  the 
absorption  bands  of  erbium  were  scarcely  discernible. 

Fractional  Predpitation  as  the  FerricyEmide.*' — Two  hundred  g.  of  oxide  derived 
from  the  above  nitrite  fractionation  was  dissolved,  carefully,  in  the  least  possible  quantity 
of  nitric  add,  diluted  to  2  liters  and  rendered  neutral  by  the  addition  of  a  dilute  solution 
of  sodium  hydroxide  to  the  boiling  liquid.  Two  hundred  cc.  of  a  20%  solution  of 
potassium  ferricyanide  was  added  drop  by  drop  while  the  whole  was  well  stirred  by  a 
rapid  current  of  steam.  The  volume  of  the  solution  in  the  flask  was  kept  constant 
fay  the  application  of  outside  heat.  After  the  potassium  ferricyanide  had  been  added, 
the  Uquid  was  kept  boiling  until  the  desired  quantity  of  predpitate  had  formed.    The 

'This  Jouknai,,  43,   1397  (1921). 
-JWa.,  36,  1419  (1914). 
"/Wrf.,  39,  936   (1917). 
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red  crystalline  precipitate  of  ferricyanide  was  immediately  filtered  o£F,  the  liqtiid  returned 
to  the  flask  and  the  process  repeated  until  6  fractions  had  been  obtained.  The  remain- 
ing yttrium  which  constituted  Fraction  7  was  removed  by  the  addition  of  an  excess  of 
sodium  hydroxide  solution.    A  similar  run  was  made  employing  250  g.  of  yttrium  oxide. 


Lea^t  3^j 


2  Rvna 


Fig.  1. 

The  precipitates  were  converted  back  to  nitrates  in  the  following  manner.  After 
being  transferred  to  porcelain  casseroles,  they  were  boiled  with  an  excess  of  cone,  sodium 
hydroxide  solution  tmtil  decomposed,  as  shown  by  the  disappearance  of  the  red  color. 
The  residues  were  filtered  oflF,  washed  and  ignited.  The  resulting  oxides  were  trans- 
ferred to  beakers,  moistened  with  water,   dissolved  in  cone,  hydrochloric  acid  and 
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evaporated  nearly  to  dryness  in  order  to.  expel  the  excess  of  acid.  The  chlorides  were 
taken  up  with  approximately  400  cc  of  water,  heated  to  boiling  and  precipitated  as  the 
oxalates.  After  standing  for  several  hours  the  precipitates  were  removed  by  filtration, 
ignited  to  oxide,  transferred  to  beakers,  dissolved  in  nitric  acid,  evaporated  to  sirupy 
consistency,  examined  with  a  spectroscope  and  divided  into  4  groups  according  to 
purity,  namely,  (a)  Fractions  1, 2  and  3  from  each  series;  (b)  Fractions  4  and  5  from  each 
series;  (c)  Fraction  6  from  each  series;  (d)  Fraction  7  from  each  series. 

Group  b  was  fractionated  as  before,  taking  5  fractions  with  potassium  f erricyanide 
and  the  last  (No.  6)  with  sodium  hydroxide.  The  precipitates  were  converted  back  to 
nitrates  as  in  the  previous  case,  and  the  fractions  placed  in  the  following  groups: 
(e)  Fractions  1,  2,  and  3;  (f)  Fraction  4;  (g)  Fractions  5  and  6.  Group  e  was  then  united 
with  Group  a;  Group  f  with  c;  and  Group  g  with  d.  This  will  be  better  understood  by 
referring  to  the  diagram. 

Owing  to  the  fact  that  the  conversion  of  the  ferricyanide  to  the  nitrate  was  trouble- 
some, and  since  the  separation  was  no  better  than  in  the  case  of  the  sodium  nitrite 
method,  the  latter  was  resorted  to  from  this  point  on.  The  fractionation  was  there- 
fore  continued  in  a  similar  manner  to  the  above  except  that  200  cc.  of  a  20%  solution  of 
sodium  nitrite  was  used  in  place  of  potassium  ferricsranide,  and  the  precipitates  con- 
verted back  to  nitrate  by  dissolving  in  the  least  amount  of  nitric  add.  The  wcn-k  was 
carried  through  two  stages,  the  purest  material  obtained  in  the  first  stage,  which  showed 
an  extremely  faint  holmium  band  when  examined  through  a  thick  layer  of  fused  ni- 
trate, being  subjected  to  a  similar  process.  The  purest  fractions  obtained  from  this, 
which  failed  to  give  the  slightest  evidence  of  absorption  bands  of  erbium  or  holmium, 
were  united,  and  the  whole  broken  up  into  6  fractions  as  nearly  equal  as  possible,  by 
the  above  method. 

During  the  fractionation  it  was  observed  that  the  most  basic  fractions  gave  a  light 
cream  colored  oxide  upon  ignition,  which  was  proved  to  be  due  to  praseodymium,  as 
will  be  shown  later. 

Composition  of  the  Precipitate  Obtained  during  the  Nitrite  Fractionation. — ^This 
precipitate  consisted  of  small,  transparent,  hexagonal  plates,  which  after  ignition  gave 
an  oxide  having  the  same  transparent  crystalline  appearance.  A  careful  analysis  of 
the  material  from  two  different  fractions  gave  63.54  and  63.44%  of  YjOs,  14.93  and 
14.77%  of  NjOs  and  21.53  and  21.79%  of  H,0  (by  difference).  This  composition 
corresponds  to  a  compound  possessing  the  formula  4YjO|.2Nj06.17HjO.  A  very  small 
amount  of  nitrous  anhydride  was  present  and  this  was  calculated  and  included  as 
nitric  anhydride.  This  nitrite  content  varied  among  the  different  fractions,  so  the  writers 
assumed  that  it  was  merely  occluded.  A  slight  difference  in  the  amount  of  water  present 
would  simplify  the  formula,  inasmuch  as  it  could  be  2YtOs.NsOt  with  8  or  9  HiO. 

The  ratio  Y1O3  :  NjOs  in  this  case  is  different  from  the  ratio  of  the  basic  nitrate** 
3YjOi.4N2O8.20HuO.  A  study  of  the  figures  given  on  pages  877  and  878  of  this  reference 
indicates  that  there  is  a  possibility  that  this  more  basic  nitrate  may  exist  at  25°  and  lie 
along  the  portion  of  the  curve  AB. 

Purification  of  the  Yttrium  Material. — As  previously  mentioned 
it  had  been  noticed  that  some  of  the  most  basic  fractions  gave  an  oxide 
which  possessed  a  pale  cream  color.  It  was  therefore  obvious  that  a  minute 
amount  of  an  element  giving  a  dark  colored  oxide  must  be  present,  t .  e,, 
praseodymium  or  terbium  or  both.  Since  the  yttrium  material  had  been 
submitted  to  a  very  long  series  of  fractional  crystallizations  of  the  bromates, 
it  was  highly  probable  that  all  terbium  had  been  removed,  inasmuch  as 

"  Tms  JouRNAi.,  32,  873  (1910). 
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terbium  bromate  is  one  of  the  least  soluble  rare  earth  bromates.  This 
leaves  praseodjrmiiun  as  the  other  alternative.  If  this  were  so,  there 
would  also  be  the  possibihty  of  the  presence  of  lanthanum,  since  this 
element  gives  a  very  soluble  bromate  and  in  addition  a  strongly  basic  oxide. 
A  search  was  then  made  for  suitable  compounds  showing  a  great  di- 
vergence between  the  solubilities  of  yttrium  and  the  most  basic  cerium 
earths.  In  order  to  make  the  process  thoroughly  efl&cient,  it  was  necessary 
that  the  salts  of  the  ceritun  earths  be  much  more  soluble  than  that  of 
yttrium.  The  following  compounds  seemed  to  offer  the  best  possibili- 
ties: (a)  dimethylphosphates,  (b)  acetates,  (c)  />-sulfobenzoates,  and  (d) 
cacodylates. 

Dimetiiylphosphates.'* — ^Practson  1  which  was  in  the  form  of  nitrate,  was  precipita- 
ted by  oxalic  addi  the  oxalate  washed,  ignited  and  the  resulting  oxide  dissolved  in 
acetic  acid.  The  excess  of  acid  was  neutralized  by  ammonium  hydroxide,  the  whole 
heated  to  boiling  and  a  hot  neutral  solution  of  ammonium  dimethylphosphate  added. 
The  voluminous  precipitate  of  yttrium  dimethylphosphate  was  removed  by  filtration 
and  washed  with  hot  water.  Two  more  fractions  were  obtained  in  like  manner  from  the 
filtrate.  The  yttrium  remaining  in, the  mother  liquor  was  thrown  out  as  the  oxalate. 
The  colors  of  the  oxides  of  the  various  fractions  indicated  that  there  had  been  no  con- 
centration of  the  earth  with  the  colored  oxide.  A  duplicate  run  confirmed  these  re- 
sults. 

Acetates.^' — The  oxide  from  Fraction  6  was  dissolved  in  acetic  acid  and  sub- 
mitted to  31  series  of  fractional  crystallizations.  While  this  method  concentrated 
the  colored  earth  in  the  mother  liquors,  it  was  found  to  be  too  wasteful  and  tedious. 

^Sulfobenzoates. — ^The  writers  found  that  there  was  a  considerable  difference 
between  the  solubilities  of  the  yttrium  ^sulfobenzoates  and  those  of  the  cerium  earths. 
However,  the  fractionation  of  these  salts  failed  to  bring  about  any  separation  in  this 
case.    This  subject  is  to  be  investigated  at  greater  length  in  the  near  future. 

Cacodylates.** — ^The  mother  liquors  from  the  acetate  crystallization 
of  Fraction  6,  which  gave  a  chamois  colored  oxide,  were  evaporated  to 
dryness  to  remove  excess  of  acid,  taken  up  with  water  and  precipitated 
by  means  of  ammonium  cacodylate.  The  rare  earth  remaining  in  solu- 
tion was  precipitated  as  the  oxalate.  After  both  fractions  had  been  con- 
verted to  oxide,  a  great  difference  in  color  was  immediately  observed, 
the  oxide  from  the  precipitate  being  practically  white,  while  that  from 
the  filtrate  was  a  deep  chocolate  color.  A  solution  of  the  latter  in  nitric 
acid  showed  weak  praseodymium  absorption  bands.  Since  lanthanum 
cacodylate  has  never  been  obtained  in  a  crystalline  form,  it  was  concluded 
that  lanthantun  would  be  found  with  the  praseod3rmium  in  the  filtrate. 
Inasmuch  as  the  above  results  show  that  small  amounts  of  praseodymium 
(and  lanthanum)  are  rapidly  removed  from  3rttrium  by  precipitating  the 
latter  as  cacodylate  from  acetate  solution,  this  procediu-e  was  employed  for 
the  final  purification. 

"Tms  Journal,  36,  10  (1914). 

"  Postius,  Dissertation,  Mtinchen  Polytech.,  1902,  pp.  11-30. 
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Each  fraction  was  converted  to  oxide,  dissolved  in  acetic  acid,  evaporated 
almost  to  dryness  to  remove  excess  of  acid,  taken  up  with  water  and  diluted 
to  250-300  cc.  The  solution  was  then  heated  to  boiling  and  treated 
with  a  slight  excess  of  ammoniimi  cacodylate.  After  a  few  minutes'  heat- 
ing and  stirring  a  voluminous,  crystalline  precipitate  formed.  This 
precipitate  was  removed  by  filtration,  washed,  transferred  to  the  original 
beaker,  suspended  in  water  and  dissolved  in  a  sHght  excess  of  acetic  acid. 
When  solution  was  complete,  5  to  10  g.  of  cacodyhc  acid  was  added, 
and  the  liquid  boiled.  At  this  point  dil.  ammonium  hydroxide  was  added 
with  thorough  stirring  until  an  odor  of  ammonia  was  perceptible.  When 
this  procedure  was  carefully  carried  out  only  a  slight  amount  of  rare  earth 
was  found  to  remain  in  solution.  The  precipitate  was  again  removed  by 
filtration  and  the  process  repeated  one  precipitation  beyond  the  stage 
where  a  white  yttriiun  oxide  was  obtained  from  the  filtrate,  in  order  to 
make  sure  that  all  the  ceriiun  earths  were  removed.  The  niunber  of  pre- 
cipitations required  varied  from  3  to  6. 

The  Preparation  of  Yttrium  Chloride. 
Each  final  cacodylate  precipitate  was  dissolved  in  hydrochloric  acid, 
diluted  to  about  3  liters,  heated  to  boiling  and  precipitated  by  the  addition 
of  a  hot  dilute  solution  of  oxalic  acid.  The  whole  was  allowed  to  stand 
over  night,  washed  several  times  by  decantation  with  boiling  water  to 
which  a  little  oxalic  acid  had  been  added,  and  then  filtered  upon  a  hard- 
ened paper  placed  on  a  perforated  porcelain  plate  in  a  glass  funnel.  The 
oxalate  was  transferred  from  the  paper  to  a  porcelain  dish  and  ignited 
in  an  electrically  heated  quartz  mufSe  fiu-nace.  The  oxide  was  dissolved 
in  redistilled  dil.  hydrochloric  acid,  diluted  to  about  3  liters  and  reprecipi- 
tated  as  the  oxalate.  After  filtering  and  washing,  the  precipitate  was 
detached  from  the  filter  paper  and  ignited  in  a  Palau  dish  at  a  dull  red 
heat.  The  oxide  was  again  dissolved  in  hydrochloric  acid  and  precipi- 
tated for  the  third  time  as  oxalate.  The  oxide  resulting  from  the  ignition 
of  this  last  oxalate  precipitation  was  dissolved  in  hydrochloric  acid,  the 
solution  diluted  to  about  3  Hters,  treated  with  an  excesss  of  ammoniimi 
chloride  and  precipitated  by  means  of  redistilled  ammonium  hydroxide. 
The  hydroxide  was  washed. several  times  by  decantation,  placed  on  a 
Biidmer  funnel  and  again  washed.  This  hydroxide  was  dissolved  in 
hydrochloric  acid  and  reprecipitated  as  above.  The  precipitate  was 
redissolved  in  hydrochloric  acid,  diluted  to  about  3  hters,  precipitated 
as  the  oxalate,  and  converted  to  oxide.  This  oxide  was  dissolved  in  hydro- 
chloric add,  evaporated  to  small  volimie,  transferred  to  a  platinimi  dish 
and  evaporated  to  dryness  in  a  glass  oven,  after  which  it  was  heated  to 
110**  for  several  hours.  The  residue  was  treated  with  water  and  acidi- 
fied with  dil.  hydrochloric  acid.  The  solution  was  carefully  filtered,  and 
the  entire  dehydration  process  repeated  twice. 
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Some  of  the  later  dehydrations  were  carried  out  in  the  following  man- 
ner. The  chloride  solution  was  evaporated  in  a  platinum  dish  over  a 
hot  plate  with  constant  stirring  until  it  just  became  solid  on  cooling.  The 
crystals  were  coarsely  powdered,  placed  in  a  silica  boat  and  carefully 
dehydrated  in  a  current  of  pure  dry  hydrogen  chloride,  the  temperature 
being  gradually  raised  to  170-200°.  The  advantage  of  this  method 
over  the  above  is  that  the  resulting  dehydrated  chloride  is  completely 
soluble  in  water,  thus  obviating  the  possibiUty  of  dissolving  any  silica  by 
hydrochloric  acid. 

The  solution  of  the  chloride,  resulting  from  the  final  dehydration,  was 
diluted  to  about  200  cc.  and  treated  with  hydrogen  sulfide,  first  in  the 
cold  and  then  boiling.  No  appreciable  precipitate  was  obtained  in  any 
case,  indicating  that  all  arsenic  had  been  previously  removed.  After 
filtration  the  liquid  was  diluted,  heated  to  boiling  and  the  oxalate 
precipitated  by  oxaUc  acid  solution,  filtered  off,  washed  and  gently 
ignited.  The  oxide  was  dissolved  in  dil.  hydrochloric  acid  in  a  quartz 
dish  and  piuified  by  two  crystallizations  of  the  chloride  as  follows.  The 
solution  was  evaporated  to  the  point  of  crystallization,  cooled  in  ice  and 
saturated  with  hydrogen  chloride.  The  thick  mass  of  crystals  was  trans- 
ferred to  a  platinum  Gooch  crucible  and  the  mother  Uquor  removed  by 
means  of  a  centrifuge.  The  yttriimi  chloride  obtained  by  the  second 
crystallization  was  dried  over  fused  potassium  hydroxide  in  a  vacuum 
desiccator. 

The  Preparation  of  Other  Reagents. 

The  purification  of  the  silver  was  described  in  an  article  upon  the  atomic  weight  of 
samarium.^*  The  distilled  water  of  the  laboratory  was  further  purified  by  two  liiore 
distillations,  first  from  alkaline  permanganate  and  second  from  sulfuric  acid,  using  tin 
condensei-s  and  well-seasoned  Jena  glass  receiving  flasks.  The  hydrochloric  and  nitric 
adds  were  twice  distilled  through  quartz  condensers,  the  first  and  last  thirds  being  re- 
jected. 

The  Dehydration  of  Yttrium  Chloride. 

Hydrated  yttrium  chloride,  YC1«.6H20,  melts  at  15&-160'',  loses  5 
molecules  of  water  at  100  ^^  and  the  six  that  160°,  giving  the  anhydrous  salt 
which  melts  at  about  686°.^^  The  dehydration  was  carried  out  in  a  similar 
manner  to  that  employed  by  Baxter  and  his  co-workers.^*  The  hydrated 
salt  was  coarsely  powdered  in  an  agate  mortar,  transferred  to  a  platinum 
boat  and  placed  in  the  bottling  apparatus.  After  the  air  had  been  swept 
out  by  nitrogen  and  hydrogen  chloride,  the  temperature  was  raised  to 
and  kept  at  100°  for  an  horn-  or  so,  after  which  it  was  raised  to  125°  to 
135°.    When  moisting  had  ceased  to  be  evolved,  the  temperatiu-e  was 

"Tms  Journal,  39,  2609   (1917). 
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increased  to  170-180°,  when  more  water  was  given  off.  At  250**  nitrogen 
was  shut  off  and  only  hydrogen  chloride  passed  through  the  apparatus. 
At  280-300°  the  last  amount  of  water  was  driven  off.  After  the  salt 
had  been  kept  at  325°  for  an  hour  the  heater  was  removed,  the  apparatus 
allowed  to  cool  and  the  hydrogen  chloride  removed  by  a  current  of 
nitrogen.  The  salt  was  removed,  ground  in  an  agate  mortar,  returned 
to  the  apparatus  and  heated  to  300-350°  for  some  time  in  a  stream  of 
hydrogen  chloride,  after  which  the  temperature  was  quickly  raised  until 
the  chloride  fused.  The  heating  sleeve  was  removed,  the  apparatus 
allowed  to  cool,  the  hydrogen  chloride  swept  out  by  nitrogen  and  this 
in  turn  by  air.  The  boat  was  then  bottled  and  placed  in  a  desiccator, 
which  was  set  near  the  balance. 

Analysis. 

The  chloride,  after  weighing,  was  dissolved  in  about  200  cc.  of  water 
in  a  glass-stoppered  Erlenmeyer  flask,  and  then  transferred  to  a  2-liter 
bottle  where  it  was  diluted  to  about  600  cc.  All  samples  anal3rzed  dis- 
solved completely  and  quickly. 

The  silver,  equivalent  within  a  few  tenths  of  a  miUigram  to  the  )rttrium 
chloride,  was  dissolved  in  dil.  nitric  acid  in  an  Erlenmeyer  flask  fitted  with 
a  column  of  bulbs.  When  the  oxides  of  nitrogen  had  been  driven  off, 
the  solution  was  diluted  to  250  cc.  and  added  to  the  chloride  solution  with 
thorough  mixing  by  rotation.  The  whole  was  kept,  with  frequent  shaking, 
for  at  least  10  days  and  then  tested  nephelometrically,  deficiency  in  either 
silver  or  chloride  being  made  up  by  the  addition  of  a  solution  of  silver 
containing  1  g.  per  hter  or  from  an  equivalent  solution  of  potassium 
chloride.  When  the  solution  was  found  to  be  nephelometrically  equiva- 
lent, the  bottle  was  allowed  to  stand  with  occasional  shaking  for  a  week 
or  two  and  again  tested  to  make  stu-e  that  equiHbrium  had  been  reached. 
All  weighings  were  made  on  a  Staudinger  balance  and  with  weights  re- 
served for  this  type  of  work.  The  weights  were  standardized  by  the 
method  described  by  Richards.^®  The  balance  case  contained,  in  ad- 
dition to  fused  potassitun  hydroxide,  radio-active  material.  The  weigh- 
ings were  made  by  substitution  using  counterpoises  almost  exactly  like 
the  vessels  themselves  in  size  and  weight.  Vacutun  corrections  were 
applied  as  follows. 

Material  Sp.  Gr.  Vacuum  corrections  per  g. 

YCl,  2.80«  -1-0.000287 

Ag  10.49  —0.000031 

'Matignon,  Ann.  chim.  phys.,  8,  433  (1906). 
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Analysis        Fraction 


1 
2 
3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 


2 
3 
5 
6 
4 
2 
3 
5 
1 
2 
3 
6 
1 
2 
3 
2 
2 
6 
5 
4 
4 


TablbI 

Wt.  of 

Wt.  of  Ag 

At.  wt. 

YCl,  in  vac. 

in  vac. 

of  yttrium 

■  G, 

G. 

2.32881 

3.85660 

89.06 

2.62838 

4.35336 

89.03 

2.70726 

4.48289 

89.08 

2.57431 

4.26298 

89.07 

2.42924 

4.02481 

88.97 

2.99852 

4.96557 

89.06 

3.13897 

5.19903 

89.03 

4.20721 

6,96662 

89.08 

2.46616 

4.06741 

89.0^ 

2.60321 

4.31174 

89.03 

,  2.86276 

4.74036 

89.08 

'  2.10381 

3.48514 

89.00 

1.53281 

2.53937 

88.98 

2.05579 

3.40596 

88.98 

2.70410 

4.47765 

89.08 

2.19336 

3.63357 

88.99 

2.17992 

3.61115 

89.00 

2.86866 

4.75281 

88.97 

2.79189 

4.62545 

88.98 

3.22857 

5.34787 

89.01 

2.80721 

4.64966 

89.03 
Av.  89.03 

Summary. 

It  has  been  shown  that  in  order  to  obtain  very  pure  yttrium,  it  is  essential 
to  use,  finally,  such  a  method  as  the  cacodykte  in  which  the  yttrium  is 
precipitated,  while  the  more  basic  ceriimi  earths  remain  in  the  form  of 
quite  soluble  salts. 

The  average  atomic  weight  of  89.03,  which  agrees  better  with  the  aver- 
age gravimetric  analyses  of  yttriiun  salts,  differs  somewhat  from  the 
figure  at  present  accepted  by  the  International  Committee. 

The  authors  desire  to  express  their  appreciation  to  the  committee  of 
the  Cyrus  M.  Warren  fund  for  considerable  assistance  in  this  work. 
Durham,  New  Hampshire. 
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THE    CRYSTAL    STRUCTURE    OF    POTASSIUM    CYANffiE. 

By  Richard  M.  Bozorth.* 

Received  December  22,  1921. 

I.    Introduction. 

The  purpose  of  this  research  was  to  study  by  means  of  X-rays  the  crystal 
structure  of  potassium  cyanide,  hoping  thereby  to  throw  some  light  on 
the  similarity  in  properties  between  this  substance  and  the  alkali  halides. 
The  crystallographic  information  is  very  meagre,  nothing  having  been 
found  in  the  literature  'except  the  statement*  that  the  salt  crystallizes 
from  the  melt  in  cubes  and  from  an  aqueous  solution  in  octahedra. 

This  research  was  carried  out  in  part  with  the  aid  of  a  grant  made  to 
Professor  A.  A.  Noyes  by  the  Carnegie  Institutipn  of  Washington,  for 
which  I  wish  to  express  my  indebtedness.  I  also  wish  to  express  my  thanks 
to  Dr.  R.  G.  Dickinson,  under  whose  immediate  direction  the  work  was 
carried   out. 

n.    Preparation  of  the  Crystals  and  the  Methods  of  Measurement. 

The  crystals  used- in  this  research  were  prepared  by  two  methods.  Slow 
evaporation  of  a  saturated  aqueous  solution  in  a  desiccator  yielded  crystals 
with  (111)  faces  large  enough  for  good  spectrometer  measurements. 
Cubes  large  enough  for  Laue  photographs  were  formed  by  placing  a  layer 
of  alcohol  over  the  saturated  aqueous  solution  and  allowing  diffusion  to 
take  place.    After  several  days  crystals  formed  on  the  sides  of  the  container. 

Observation  under  a  polarizing  microscope  showed  optical  isotropy, 
confirming  the  fact  that  the  crystal  has  cubic  symmetry.  A  good  cubic 
deavage  was  foimd,  but  no  cleavage  was  observed  parallel  to  (111)  or  (110) 
planes. 

Most  of  the  X-ray  data  were  obtained  from  Laue  photographs  and  from 
photographs  of  line  spectra  from  single  faces.  The  apparatus  used  and  the 
treatment  of  the  spectral  photographs  were  the  same  as  those  employed 
by  Dickinson.'  The  angles  and  relative  intensities  of  two  reflections 
from  the  (111)  face  were  measured  on  the  X-ray  spectrometer.* 

m.    The   Spectral  Measurements   and  the   Unit  of   Structure. 

The  values  of  the  angles  of  reflection  for  different  planes  are  given  in 
the  second  column  of  Table  I.  The  number  of  molecules  per  unit  of  struct- 
ure and  the  dimensions  of  the  unit  were  derived  from  these  data.     To 

*  Du  Pont  Fellow  in  Chemistry. 

« P.  Groth,  "Chemische  Krystallographie,"  Leipsic,  1906,  vol.  1,  p.  203. 

»  Dickinson,  Tms  Journal,  44,  276  (1922). 

«  Dickinson  and  Goodhue,  ibid.,  43,  2046  (1921). 
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find  the  number  m  of  molecules  in  the  unit  of  structure,  the  following 
well-known  equation  was  employed. 

In  this  equation  n  denotes  the  order  of  reflection,  0  the  angle  of  reflection 
from  a  (100)  plane,  M  the  molecular  weight  of  the  substance,  X  the  wave- 
length of  the  X-rays,  p  the  density  of  the  substance  (1.52),  and  N  the 
Avagadro  number. 

The  length  dioo  of  the  unit  cube,  on  the  basis  that  m  =  4,  was  calculated 
by  the  equation 

2  dim  sin  0  ^. 

n\   «  (2) 

Vli«  -H  k*  -f  1* 

The  values  so  calculated  in  10  ~'  centimeters  are  given  in  the  sixth  column 

of  Table  I. 

Table  I 

ThB  SpSCTRAL  M9ASURBMBNTS 

Crystal  Angle  of      Order  of      Spectral      Wave-      Length  of    Intensity  of 

Face  Reflection    Reflection       Line         length      Unit  Cube     Reflection 

(100)               5^  23'  2  Rha  0.614  6.54            Strong 

10°  51'  4  a  0.614  6.52            Medium 

16"  23'  6  a  0.614         *  6.53            Weak 

4**  47'  2  /3  0.545  6.54 

4°  40'  2  7  0.534  6.56 

(110).              7*^39'  2  a  0.614  6.52            Strong 

15°  22'  4  a  0.614  6.55            Weak 

6°  42'  2  ■   /3  0.545  6.60                    « 

6"  35'  2  7  ^       0.534  6.59 

(111)                5°  254'  1  Mo  a  ' 

10°  51'  2  a 


0.710  6.53  100:153 

(Mean)  6.55 


The  value  of  dioo  calculated  directly  from  the  density  under  the  assumption 
that  there  are  4  molecules  in  the  unit  is  6. 55  X  10 ~*  cm.  This  is  equal 
to  the  mean  of  the  above  values.  This  value  was  used  for  calculations 
of  the  wavelengths  from  the  Laue  photographs. 

IV.    The  Laue  Photographs. 

Laue  photographs  were  taken  with  the  beam  of  X-rays  approximately 
perpendicular  to  the  (100)  face,  and  also  with  the  beam  approximately 
perpendicular  to  the  (111)  face.  Gnomonic  projections  were  made  from 
the  photographs,  and  the  analysis  carried  out  according  to  the  method 
described  by  Wyckoff.*  A  gnomonic  projection  of  an  imsymmetrical 
photograph  taken  with  the  beam  making  an  angle  of  4*^  with  the  perpen- 
dicular to  the  (111)  face,  showing  the  3-fold  axis  of  symmetry,  is  repro- 

•Wyckoff,  Am.  J.  Set.,  50,  318  (1920). 
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duced  in  Fig.  1.  The  area  of  each  spot  is  proportional  to  the  intensity 
estimated  directly  from  the  plate. 

The  smallest  value  of  nX  for  any  plane,  as  calcvdated  from  Equation  2, 
was  found  to  be  0.24  X  10"'  cm.;  consequently  it  was  deemed  safe  to 
consider  any  values  of  «X  between  this  value  and  0.48  X  10"'  cm.  to  be 
pure  first-order  reflections.  The  forms  giving  reflections  in  the  first  order 
were:  (311),  (331),  (531),  (533),  (551),  (711),  (731),  (553),  (731),  (751), 
(753).  Those  appearing  in  the  second  order,  but  not  in  the  first,  were: 
(221),  (320),  (321). 

All  of  jthe  spots  from  planes  reflecting  in  the  first  order  on  Laue  photo- 
graphs had  comparative  intensities  such  that  the  planes  with  the  greater 
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Fig.  1. 

interplajiar  distance  always  had  the  greater  intensity  when  reflecting 
with  the  same*  wavelength.  Also,  spots  produced  by  second-order  (221) 
planes  could  not  be  distinguished  in  intensity  from  those  produced  by 
first-order  (531)  planes;  and  second-order  (321)  reflections  could  not  be 
distinguished  in  intensity  from  first  order  (731)  reflections. 

It  was  possible  to  obtain  one  additional  piece  of  information  from  a 
powder  photograph.  From  this  it  was  clear  that  the  second-order  (100) 
reflection  was  more  intense  than  the  first-order  (111)  reflection. 

V.    Interpretation  of  the  Data. 

The  relative  intensities  of  reflection  of  various  orders  shown  in  Table 
I  are  characteristic  of  crystals  vith  the  sodium  chloride  structure  having 
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the  halogen  appreciably,  but  not  too  greatly,  dififerent  in  weight  from  the 
metal.  Thus  there  is  a  rapid  decline  of  intensity  with  increasing  order 
for  the  planes  (100)  and  (110),  and  a  weaker  reflection  of  the  first  order 
from  (111)  than  of  the  second  order.  The  facts  shown  by  the  powder 
photograph  that  the  second  order  reflection  from  (100)  was  stronger 
than  the  first  order  from  (HI)  in  spite  of  the  smaller  value  of  d/n  in  the 
former  case  is  also  in  agreement  with  a  sodium  chloride  structure.  In 
view  of  these  facts  and  of  the  close  resemblance  between  potassium  cya- 
nide and  the  alkali  halides,  the  attempt  has  been  made  to  satisfy  the 
requirements  of  the  remaining  X-ray  data  on  the  assumption  tiiat  the 
potassium  atoms  are  located  in  the  same  way  as  the  metal  atoms  in  sodium 
chloride,  and  that  the  carbon  and  nitrogen  atoms  are  near  the  corresponding 
halogen  position.  This  assumption,  whose  approximate  validity  is  dear 
from  the  above  X-ray  considerations,  simplifies  the  treatment  of  the 
possible  structures  given  below,  which  would  otherwise  contain  three 
parameters   to   be   determined. 

Magnesium  oxide  is  a  crystal  having  the  sodium  chloride  structure; 
and  the  application  of  the  theory  of  space  groups  to  this  substance  has  been 
treated  in  detail  by  Wyckoff.*  All  the  possible  positions  for  the  atoms  of 
potassium  cyanide  are  included  in  the  possibilities  given  by  Wyckoff 
for  magnesium  oxide.  There  are  two  possible  arrangements  for  a  substance 
having  4  molecides  in  the  unit  and  3  atoms  in  the  molecule.    These  are, 

(a)  K  at  :  (u,  u,  u)     (u,  fl,  fl)     (fl,  u,  u)     (fl.  fl,  fl) 
C  at  :  (v,  V,  v)     (v,  ^,  ^2     (^^v.  ^)^  (^,  ^,  v) 

N  at  :  (w,  w,  w)     (w,  w,  w)     (w,  w,  w,)     (w,  \^,  w) 

(b)  K  at  :  (u,  u,  u)     (J  +  u,  J-u,  u)  (^-u,  fl,  i  +  u)  (u,  i  +  u,i-u) 
C  at  :  (v,  V,  v)      (J  +  v.  J-v,J^)      (i-v._^.  J  -h  v)     (V,  J  -f  v,  J-v) 
N at :  (w,  w,  w)     (J-f  w,  J-w,  w)     (J-w,  w,  J  +  w)     (w,  i  -h  w,  J-w). 

The  arrangement  (a)  has  tetrahedral  symmetry,  while  (b)  has  tetarto- 
hedral  S3rmmetry.  The  first  can  be  made  to  approximate  the  sodium 
chloride  structure  by  giving  u  the  value  0. 25,  and  v  and  w  values  on  either 
side  of  0. 75.  The  second  can  be  made  to  approximate  the  sodium  chloride 
structure  by  giving  u  the  value  zero  and  v  and  w  values  on  either  side  of 
0.50.  Since  the  reflecting  powers  of  carbon  and  nitrogen  are  probably 
about  the  same,  these  two  arriangements  are  indistinguishable  by  the  pres- 
ent methods  of  analysis,  provided  the  atoms  are  in  the  positions  indicated 
above.  There  is,  moreover,  a  holohedral  arrangement  (Wyckoff *s  (j)), 
having  32  molecules  in  a  imit  (the  dioo  for  which  is  13.10  X  10"'  cm.), 
derivable  from  the  space  group  0^ ;  but  this  would  also  be  indistinguish- 
able from  these.  It  suffices,  therefore,  to  consider  only  the  first  arrange- 
ment. 
For  the  intensity,  J,  of  reflection  of  a  given  wavelength  from  any  plane 
•  Wyckoff,  Am.  J,  Set,,  1,  138  (1921). 
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we  may  write:  I  =  l{d/n)  (A^  +  B^),  where  A  is  given  by  the  following 
equation  and  £  by  a  similar  expression  in  sine  terms. 

A  =  K{cos  2Tif(h  -fk  -f  l)u  +  cos  2»n(-h  -f  k-l)u  -|-  cos  2»«(-h-k  +  l)u 
+  cos  2»«(h— k— l)u]  -|-  C  [a  similar  expression  in  v]  +  N  [a  similar  expression  in  w]. 

K,  C  and  N,  the  reflecting  powers  of  the  atoms,  were  placed  equal  to  the 
atomic  numbers  of  potassium,  carbon,  and  nitrogen,  respectively;  u  was 
placed  equal  to  0.25,  while  v  and  w  were  independently  varied  by  steps 
of  0 .  020  between  0 .  625  and  0 .  875.  With  these  various  values  VA*  +  B^ 
was  calculated  for  the  planes  for  which  data  are  available. 

It  was  found  on  the  Laue  photographs  that  planes  with  all  odd  indices 
reflecting  a  given  wavelength  in  the  first  order  gave  smaller  intensities 
the  smaller  the  value  of  d/n.  Assuming  that  f  (d/n)  has  smaller  values 
the  smaller  d/n  is,  a  satisfactory  set  of  values  of  VA^  +B^  should  show  no 
great  variation,  especially  for  planes  having  nearly  equal  values  of  d/n. 
It  was  also  found  that  planes  with  any  even  index  reflected  in  the  second 
order  with  about  the  same  intensity  as  planes  with  all  odd  indices  in  the 
first  order  when  the  values  of  d/n  were  the  same.  These  planes  with  even 
indices  should  give  about  the  same  values  of  VA'  +  B^os  the  other  planes. 

The  best  correspondence  with  the  data  seems  to  be  obtained  by  placing 
v  =  0. 70 -and  w  =  0. 80.  The  values  of  VA^  +  B^  calculated  with  these 
parameters,  together  with  the  values  calculated  for  othei"  parameters, 
are  given  in  Table  II  for  all  of  the  planes  whose  calculated  and  observed 
intensities  can  be  compared.  Values  of  d/n  in  10  "•  centimeters  are  given 
in  Col.   3. 

TablsII 


Calcdi*at«d  Valubs  01?  V-4« 

+  B« 

Order  of 
Reflection 

Plane 

Value  of 

d/n 

Values  of  Vi4«-f  ^'for 
u  =  0.25    u  =  0.25       u  =  0.25 
V  =  0.70    V  =  0.65       V  =  0.75 
w  =  0.80   w  =  0.85      w  =  0.75 

1 

(311) 

1.97 

48 

86 

24 

1 

(331) 

1.50 

59 

72 

24 

1 

(531) 

1.11 

76 

63 

24 

2 

(221) 

1.09 

80 

87 

128 

1 

(533) 

0.99 

76 

82 

24 

1 

(551) 

0.92 

76 

34 

24 

1 

(711) 

0.92 

104 

65 

24 

2 

(320) 

0.91 

71 

116 

128 

2 

(321) 

0.88 

72 

86 

128 

1 

(653) 

0.85 

76 

94 

24 

1 

(731) 

0.85 

93 

71 

24 

1 

(751) 

0.76 

76 

61 

24 

1 

(753) « 

0.72 

76 

82 

24 
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It  will  be  seen  that  the  values  of  VA^  +  B2  calculated  for  u  =  0.25, 
V  =  0.70,  w  =  0.80,  correspond  satisfactorily  with  the  observations. 
The  only  exception  is  that  the  calculated  value  for  (711)  is  (104/76)  or 
1.4  times  that  calculated  for  (551),  while  the  observed  intensities  of  the 
(711)  and  (551)  spots  were  the  same  as  nearly  as  could  be  determined. 

The  intensities  obtained  from  spectrometer  measturements  and  from 
reflection  photographs  are  in  good  agreement  with  the  calculated  values. 
The  relative  intensities  of  the  spectra  from  a  simple  face  can  be  estimated 
by  assuming  the  normal  decline  to  be  100: 20: 7.  Values  of  the  intensities 
so  calculated  are  compared  with  the  observations  in  Table  III. 


Table  III 

Calculated  and  Obscrvbd  Intbnsitibs 

Relative  Intensities  Calculated  for 

u    =    0.26 

u    =    0.26 

u 

=    0.26 

Plane 

V    =    0.70 

V    =    0.65 

V 

=    0.75 

Observed  Intensities 

w    =    0.80 

w    =    0.85 

w 

=    0.75  . 

. 

(100) 

100:10:3 

100:2:1 

100:20:7 

Rapid  decline  for 
the  three  orders 

(110) 

100:11 

100:17 

100:20 

First  order  much 
stronger 

(111) 

100:218 

100:51 

100:570 

100:153 

VI.    Representation  of  the  Crystal  Structure. 

Figure  2  represents  Vs  of  the  unit  of  structure,  with  the  atoms  placed 
in  accordance  with  the  values  of  the  parameters,  u  =  0.25,  v  =  0.70, 

^ ^^  w  =  0.80.      The   potassium  atoms   are   repre- 

^^^\  #^>         sented  by  the  larger  circles,  and  the  carbon  and 

^      i^^"^  nitrogen  atoms  by  the  smaller  ones.    These  latter 

atoms  are  equidistant  from  the  comers  of  the 
cube  not  occupied  by  potassium  atoms.  Since 
the  measurements  do  not  serve  to  distinguish  be- 
^tween  the  carbon  and  nitrogen  atoms,  both  of 
these  kinds  of  atoms  are  represented  by  the 
^'^Z'  2.  same  sized  circle.    Table  IV  gives  the  distances 

between  the  centers  of  the  atoms,  together  with  the  sum  of  the  corre- 
sponding Bragg  radii,^  both  in  10"*  centimeters. 


Table  IV 
Distances  between  the  Atoms 


Carbon  to  nitrogen 

Potassium  to  carbon 

Potassitun  to  nitrogen 

Bragg,  Phil  Mag.,  40,  180  (1920). 


Sum  of 

istance 

Bragg  Radii 

1,15 

1.4 

3.0 

2.8 

3.0 

2.7 
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Langmuir  has  suggested*  that  in  the  cyanide  radical  the  carbon  and 
nitrogen  atoms  possess  in  common  an  outer  shell  of  electrons.  If  in  ac- 
cordance with  this  hypothesis  the  cyanide  radical  be  regarded  as  a  single 
atom  for  crystal  structure  purposes,  potassium  cyanide  can  be  given  the 
holohedral  sodium  chloride  structure  with  four  molecules  in  the  imit; 
but  if  this  be  done,  the  values  of  VA«  +  B^  for  (711)  and  (320)  will,  on  the 
same  assumptions  used  previously,  be  24  and  128,  respectively,  and  this 
would  make  the  intensity  of  the  (320)  reflection  (128/24)«  or  28  times  as 
strong  as  that  of  the  (711)  reflection.  This  great  discrepancy  might  be  over- 
come by  assuming  the  reflecting  power  of  the  cyanide  radical  to  drop  off 
much  more  rapidly  than  that  of  the  potassium  atom  with  decreasing  values  of 
d/n;  but  there  seems  to  be  little  -present  justification  for  such  an  as- 
stmiption. 

Vn.     Sununary. 

The  crystal  structure  of  potassium  cyanide  has  been  studied  with  X- 
rays  making  use  of  the  Laue  photographic  method,  the  spectrometric 
method,  and  the  powder  method.  The  X-ray  data  show  conclusively 
that  the  structtu-e  of  this  substance  approximates  the  sodium  chloride 
structure.  Consequently,  the  potassium  atoms  were  placed  at  the  sodium 
atom  positions  and  the  carbon  and  nitrogen  atoms  near  the  chlorine  atom 
positions.  The  positions  of  carbon  and  nitrogen  atoms  which  give  the 
best  agreement  with  the  data  place  these  atoms  1. 15  X  10"*  cm.  apart, 
equidistant  from  the  position  of  the  chlorine  atom.  The  structure  is 
represented  in  Fig.  2. 
Pasadsna,  Calh^rnia. 

NOTES. 
Correlation  of  Atomic  Structure  and  Spectra. — In  the  July  number  of 
Tms  JouRNAi,  there  is  a  very  interesting  article  by  Bury^  on  a  modifica- 
tion of  the  Lewis-Langmuir  hypothesis  of  atomic  structure.  The  sole 
change  in  this  modification  is  that  the  fourth  of  Langmuir's  postulates 
is  altered  to  read  as  follows. 

"The  TnaximiiTn  number  of  electrons  in  each  shell  or  layer  is  proportional  to  the  area 
of  its  surface;  thus,  successive  layers  can  contain  2,  8, 18  and  32  electrons.  Groups  of  8 
and  18  electrons  in  a  layer  are  stable  even  when  that  layer  can  contain  a  larger  number 
of  electrons.  The  maximum  niunber  of  electrons  in  the  outer  layer  of  an  atom  is  8: 
more  than  8  electrons  can  exist  in  a  shell  only  when  there  is  an  accumulation  of  electrons 
in  an  outer  layer.  During  the  change  of  an  inner  layer  from  a  stable  gfoup  of  8  to  one 
of  18,  or  from  18  to  32,  there  occurs  a  transition  series  of  elements  which  can  have  more 
than  one  structure." 

The  only  ph3rsical  substantiation  of  this  hypothesis  which  Bury  stresses 
•  Langmuir,  This  Journal,  41,  905  (1919). 
1  C.  R.  Bury,  ibid.,  43, 1602  (1921). 
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is  the  relation  of  atomic  diameter  of  elements  in  a  group  of  the  periodic 
table  with  the  ntmiber  of  electron  shells  in  these  elements.  It  seems  that 
other  data  might  also  be  employed  which  would  test  the  plausibility  of 
this  hypothesis,  namely,  the  data  on  the  number  of  lines  in  the  arc  or 
spark  spectra. 

By  plotting  the  atomic  weights  (or  better  the  atomic  numbers)  as  ab- 
scissas and  the  number  of  spectral  lines  as  ordinates,  Exner  and  Haschek' 
obtained  periodic  curves  both  for  the  spark  and  the  arc  spectra,  the  es- 
sentials of  which  are  reproduced  in  Fig.  1.    In  the  general  form  of  the 
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curves,  both  are  very  similar  and  present  the  following  main  features. 
There  are  peaks  between  the  elements  Sc  and  Cu,  Y  and  Pd,  Ta  and  Pt. 
Th  and  U  rise  toward  a  peak  at  the  end.  There  is  also  a  plateau  in- 
cluding most  of  the  rare  earths,  that  is,  between  Ce  and  Lu.  The  rest 
of  the  elements  have  relatively  few  lines. 

Now,  if  it  is  asstuned  that  it  is  only  the  electrons  in  the  outer  shell  of 
the  atom  that  are  responsible  for  the  spectral  lines,  then  it  may  be  supposed 
that  in  a  general  way,  there  is  a  relationship  between  the  ntunber  of  these 
electrons  and*  the  number  of  lines  in  the  spectrum.  Of  course  theoretically 
an  infinite  number  of  lines  may  be  emitted  by  an  element,  but  practically 
there  are  enormous  differences  between  elements  in  this  respect.  By 
including  only  those  lines  given  in  Exner  and  Haschek's  tables/  the  rela- 

•  Exner  and  Haschek,  "Die  Spektren  der  Elemente  bei  Normalem  Druck,"  Franz 
Deuticke;  Leipzig,  1911,    Vol.  1,  p.  36. 

*  Exner  and  Haschek,  Ref.  2,  vols.  2  and  3. 
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tive  numbers  of  lines  in  the  spectra  of  the  elements  are  placed  on  a  more 
equable  basis  for  comparison.  If  all  lines  except  those  between  the 
wave  lengths  X  =  3,000  and  6,000  A.  were  omitted,  the  comparative  re- 
sults would  be  essentially  the  same  ejtcept  that  the  plateau  of  the  rare 
earths  would  be  lowered  due  to  their  great  richness  of  lines  in  the  ultra- 
violet. A  list  of  all  the  lines  found  either  in  the  spark  or  in  the  arc  spectra 
would  be  preferable  to  either  alone.  However,  it  is  almost  impossible 
to  make  such  a  compilation  from  Exner  and  Haschek's  tables. 

The  number  of  lines  in  the  arc  and  spark  spectra  of  three  groups  of 
elements  will  be  discussed  herein  with  relation  to  the  views  of  Bury  and 
Langmuir  on  atomic  structure, — namely  (1)  the  elements  of  groups  in 
the  periodic  table,  (2)  the  transition  elements  and  (3)  the  rare  earth 
elements. 

Tabi,^  I 

Element  Group 


Be 

Ila 

Mg 

Ua 

Ca 

lib 

Zn 

Ua 

Sr 

lib 

CM 

Ua 

Ba 

lib 

Hg 

Ua 

B 

Ilia 

Al 

Ilia 

Sc 

lllb 

Ga 

Ula 

Y 

Ulb 

In 

Ula 

La 

lllb 

Arrangement  of  H 

Electrons                  Number  of  Line 

Bury 

Langmuir 

Arc  Spark 

2.2 

2.2 

9 

10 

2.8.2 

2.8.2 

52 

58 

2.8.8.2 

2.8.8.2 

114 

84 

2.8.18.2 

2.8.8.12 

35 

134 

2.8.18.8.2 

2,8.8.18.2 

146 

89 

2.8.18.18.2 

2.8.8.18.12 

38 

129 

2.8.18.18.8.2 

2.8.8.18.18.2 

207 

148 

2.8.18.32.18.2 

2.8.8. 18..  18.26 

78 

99 

2.3 

2.3 

2 

3 

2.8.3 

2.8.3 

28 

115 

2.8.8.3 

2.8.8.3 

342 

204 

2.8.18.3 

2.8.8.13 

14 

14 

2.8.18.8.3 

2.8.8.18.3 

684 

430 

2.8.18.18.3 

2.8.8.18.13 

28 

30 

2.8.18.18.8.3 

2.8.8.18.18.3 

512 

356 

2.8.18.32.18.3 

2.8.8.18.18.27 

22 

18 

Tl  Ilia 

According  to  Bury,  the  elements  of  Group  II  of  the  periodic  table  all 
have  two  electrons  in  the  outer  shell,  while  Langmuir's  hypothesis  allows 
the  members  of  the  calcium  series  2  electrons  apiece  but  the  beryllium 
series  2,  12  or  26.  If  the  values  for  the  nimiber  of  lines  given  by  Exner 
and  Haschek  are  indeed  comparable  and  if  there  is  a  qualitative  relation 
between  the  number  of  such  lines  and  the  number  of  electrons  in  the 
outer  shell,  it  will  be  seen  in  Table  I  that  Bury's  modification  gives  a 
better  approximation  to  the  facts  observed  by  Exner  and  Haschek  than 
the  original  hypothesis  of  Langmuir.  Thus  calcium  and  zinc  according 
to  Bury's  arrangement  of  electrons  should  give  approximately  the  same 
number  of  lines,  while  with  Langmuir's  arrangement,  Zn  would  be  expected 
to  give  six  times  as  many  as  Ca.  Considering  that  probably  there  is 
an  increase  of  lines  with  increasing  complexity  of  the  core  as  shown  by 
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the  first  three  members  of  the  group  where  both  h3rpotheses  agree,  the 
nwnber  of  lines  given  by  alternating  members  of  the  group  is  remarkably 
uniform. 

Group  III  of  the  periodic  table  is  also  included  in  Table  I.  It  seems 
to  be  a  general  tendency  for  the  b  sub-group  to  give  more  lines  than  the 
a  sub-group  instead  of  the  reverse  as  expected  by  Langmuir's  hypothesis. 
In  this  connection  it  will  be  noted  that  in  the  a  sub-group,  after  the  first 
two  members,  there  are  18  electrons  in  the  outer  shell  of  the  core  while 
in  the  b  sub-group  there  are  only  8  according  to  Bury.  Naturally  3 
electrons  in  the  valence  shell  can  arrange  themselves  more  uniformly  over 
18  electrons  than  over  8.  To  substantiate  this,  Al,  an  a  sub-group  member 
with  only  8  electrons  in  the  second  shell,  has  the  largest  number  of  linens 
of  any  member  of  its  sub-group. 

The  transition  elements.  Bury  suggests,  have  a  variety  of  electron 
structures  to  account  for  their  varying  valences,  an  electron  or  electrons 
being  pushed  into  an  incompleted  inner  shell  when  the  number  of  electrons 
in  the  outer  shell  becomes  large.  In  Table  II,  the  elements  from  K  to 
Ge  are  arranged  according  to  their  atomic  numbers.  A  transition  group 
is  included  between  these  elements.  Bury  suggests  that  the  number  of 
varying  structures  increases  roughly  f rom  Ti  to  Mn  as  a  maximum  and 
then  decreases  to  Cu.  If  Bury's  idea  is  correct,  then  each  element  having 
more  than  one  form  should  give  an  entirely  different  spectrum  for  each 


Langmuir 
2.8.8.1 
2.8.8.2 
2.8.8.3 
2.8.8.4 
2.8.8.5 
2.8.8.6 

2.8.8.7 

2.8.8.8 

2.8.8.9 

2.8.8.10 

2.8.8.11 

2.8.8.12 

2.8.8.13 

2.8.8.14 

different  arrangement  of  electrons.  These  spectra  superimposed  on  each 
other  would  result  in  a  very  complicated  spectrum,  rich  in  lines.  This 
view  predicts  an  increase  in  the  mmiber  of  lines  to  Mn  and  then  a  de- 
crease. Moreover,  there  is  a  chance  for  lack  of  symmetry  in  the  core 
of  transition  elements  having  the  third  shell  containing  between  8  and 
18  electrons.    These  stable  groups  are  probably  symmetrically  placed 


TABI.BII 

It 

Arrangement  of  Electrons 

Bury 

K 

2.8.8.1 

Ca 

2.8.8.2 

Sc 

2.8.8.3 

Ti 

2.8.8.4; 

2.8.  9.3;  2.8.10.2 

V 

2.8.8.5; 

2.8.  9.4;  2.8.10.3;  2.8.11.2 

Cr 

2.8.8.6; 

2.8.11.3;  2.8.12.2 

Mn 

2.8.8.7; 

2.8.  9.6;  2.8.11.4;  2.8.12.3;  2.8.13.2 

Fe 

2.8.10.6; 

2.8.12.4;  2.8.13.3;  2.8.14.2 

Co 

2.8.13.4; 

2.8.14.3;  2.8.15.2 

Ni 

2.8.14.4; 

2.8.15.3;  2.8.16.2 

Cu 

2.8.17.2; 

2.8.18.1 

Zn 

2.8.18.2 

Ga 

2.8.18.3 

Ge 

2.8.18.4 

No.  of  Lines 

Arc  Spark 

18 

61 

114 

84 

342 

204 

1123  1705 

1642  2837 

1697  1806 

865  1216 

2392  1838 

1830  1360 

976 

623 

368 

328 

35 

134 

14 

14 

27 

62 
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in  the  shell,  but  this  is  not  possible  for  such  a  structure  as  2.8.13.3  for 
Fe.  This  irregularity  would  affect  the  positions  of  the  valence  electrons 
with  consequent  increase  of  the  number  of  lines  that  may  be  produced. 
Langmuir's  structure  of  the  elements  between  K  and  Ge  gives  each  ele- 
ment one  more  electron  in  the  outer  shell  for  each  increase  in  atomic 
number.  Thus  it  would  be  expected  that  the  complexity  of  the  spectra 
would  increase  all  the  way  to  Ge  without  a  noticeable  break.  The  number 
of  lines  does  increase  to  Cr  and  Pe  which  are  on  either  side  of  Mn  which 
ought  to  be  the  true  maximum,  and  then  decreases  steadily  to  Ga.  This 
behavior  accords  with  Bury's  modification  with  the  exception  of  Mn 
which  is  not  vital. 

There  are  similar  peaks  at  the  other  transition  groups.  Thus  between 
Y  and  Pd  there  is  a  very  well  defined  peak  with  Mo  at  its  maximum.  The 
numbers  of  lines  in  the  spectra  of  the  elements  of  this  transition  group, 
t.  e.,  Y.  Zr,  Cb,  Ru,  Rh,  and  Pd  fall  almost  exactly  on  the  line  drawn  from 
Sr  up  to  Mo  and  down  to  Ag.  W  forms  the  maximum  of  the  peak  of  the 
third  transition  group  and  Th  and  U  form  the  beginning  of  a  fourth  peak. 
Thus  all  the  main  peaks  in  Bxner  and  Haschek's  curves  are  accounted  for 
by  Bury's  arrangement  of  electrons. 

There  remains  only  the  plateau  of  the  rare  earth  metals  to  be  discussed. 
Langmuir's  explanation  of  the  structure  of  the  elements  of  the  rare  earth 
metals  shows  the  first  member.  La,  with  3  electrons  in  the  outer  shell  and 
then  with  each  increase  of  one  in  the  atomic  number,  an  additional  electron 
is  added  to  the  same  shell.  Lu  thus  is  pictured  with  17  electrons  in  the 
outer  shell.  The  spectral  curve  should  therefore  become  more  and  more 
complicated  throughout  the  whole  group  without  a  drop  at  the  end. 
It  should  blend  into  the  third  transition  group  without  a  break.  Bury's 
explanation  is  that  all  the  elements  of  this  group  may  have  a  valence  of 
3,  the  excess  electrons  being  added  to  an  inner  incompleted  shell  rather 
than  to  the  outer  shell.  The  first  member  and  the  last  member  of  the 
group,  La  and  Lu,  have  stable  groups  in  the  inner  shells,  but  the  inter- 
mediate elements  have  the  fourth  shell  composed  of  from  19  to  31  electrons. 
It  seems  possible  that  there  might  be  a  choice  of  positions  for  the  extra 
electrons  in  the  inner  shell  which  would  give  different  kemeb  within  the 
valence  shell  and  thus  cause  such  elements  to  be  capable  of  producing  a 
distinct  set  of  lines  for  each  arrangement.  The  non-symmetry  of  many  of 
these  structures  would  also  tend  to  increase  the  ntunber  of  lines.  With 
the  exception  of  La  and  Lu,  the  rare  earth  metals  do  give  very  complicated 
spectra  with  very  large  numbers  of  lines.  The  exceptions  are  interesting. 
La  and  Lu  have  stable  systems  in  the  inner  shells  and  so  would  not  be 
expected  to  give  varying  electron  structures  with  consequent  abundance 
of  spectral  lines. 

Any  relation  of  a  property  of  the  elements,  such  as  the  number  of  spectral  lines, 
to  the  atomic  nmnber  may  lead  to  predictions  concerning  those  elements  as  yet  un- 
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known.  There  are  six  places  vacant  in  the  table  of  elements  airanged  according  to 
atomic  number,  namely  Nos.  43,  61,  72,  75,  85  and  87.  Of  these.  No.  72  possibly  is 
Urbain's  celtlum.  But  Bury's  arrangement  gives  the  electron  structure  2.8.18.32.8.4 
for  this  element  which  is  consequently  tetravalent,  while  Urbain  describes  celtium  as 
being  intermediate  in  chemical  character  between  Lu  and  Sc,  both  trivalent  elements. 
A  further  investigation  of  the  chemical  properties  and  the  X-ray  spectrum  of  celtium  is 
therefore  desirable. 

Elements  43,  61  and  75  lie  in  approximately  symmetrical  positions  on  the  curve  of 
number  of  spectral  lines  plotted  against  atomic  number.  This  relationship  probably 
does  not  mean  much  in  connection  with  No.  61,  but  may  signify  more  in  respect  to 
Nos.  43  and  75.  Thus  they  both  would  be  expected  to  give  very  complicated  spectra 
having  large  numbers  of  lines.  Moreover,  according  to  Bury,  both  would  have  similar 
electron  structures,  t.  e.,  2.8.18.8.7  and  2.8.18.32.8.7.  Since  Bury  thinks  that  in  the 
second  and  third  transition  groups  the  electrons  pass  into  an  inner  layer  less  readily 
than  in  that  of  the  first  long  period,  these  elements  Nos.  43  and  75  might  be  expected, 
if  they  really  exist,  to  form  compounds  where  they  have  high  valences.  Thus,  in  a 
search,  one  might  look  for  them  as  cations  rather  than  as  anions. 

Summary. 
It  is  shown  that  Bury's  modification  of  Langmuir's  hypothesis  is  at 
least  consistent  with  the  facts  derived  from  a  study  of  the  number  of 
lines  in  the  arc  and  spark  spectra  of  the  elements  as  given  in  Exner  and 
Haschek's  tables. 

Ths  Woi^cott  Gibbs  Msmoriai,  Laboratory 
OP  Harvard    University.  Haroi«d  S.  King. 

Cambridge  38,  Massachusetts. 

Received  November  22,  1921. 


Correction. — Owing  apparently  to  carelessness  in  proof-reading  for 
which  I  am  personally  responsible,  several  very  small  errors  exist  in  the 
tables  of  results  in  the  paper  by  Baxter,  Tani  and  Chapin^  on  the  atomic 
weight  of  lanthanum.  My  attention  has  been  called  to  this  matter  by 
Dr.  Moles  of  the  Laboratorio  de  Investigaciones  Fisicas  in  Madrid.  In 
order  to  avoid  confusion  the  tables  are  reprinted  below  with  the  corrected 
figures  starred.  Fortunately,  the  changes  do  not  affect  the  ultimate  result 
in 


the  least. 

Ratio 

Ratio 

LaCU :  3Ag 

At.  Wt.  La 

LaCl, :  3AgCl 

At.Wt.La 

0.757888 

138.912* 

0.570543 

138.969 

0.757841 

138.897 

0.570394 

138.905 

0.757878 

138.909 

0.570391 

138.904 

0.757915 

138.921 

0.570331 

138.878* 

0.757930 

138.925 

0.670413* 

138.913* 

0.757917* 

138.921* 

0.570447* 
0.570368 

138.927* 
138.893 

.  0.757895* 

Av. 

138.914* 

Av.  0.570413* 

Av.   138.913* 

.  JBFFBRSON  CoOtlDGB  ChBMICAL  LABORATORY, 

Av 
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Harvard  University,  Cabcbredgb  38,  Mass.  G.  P.  Baxter. 

Received  December  9,  1921. 
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[CoNiaiBimoN  FROM  ifijs  Chsmicai,  Laboratoribs  o^  McMast9r  University.] 

FRIEDEL  AND  CRAFTS'  REACTION.    DIPHENYL  AND  DITOLYL 
TETRAHALOGEN  PHTHALIDES. 

By  Wai«T9r  a.  Lawrancs  and  Harou>  G.  Oddy. 

Recdved  Jime  24.  1921. 

This  work  was  undertaken  in  order  to  study  the  diphenyl  and  ditolyl 
tetrahalogen  phthalides,  and  to  investigate  the  applicability  of  the  method 
proposed  by  Rubidge  and  Qua^  for  the  preparation  of  diphenyl-phthalide. 

These  authors  heated  phthahc  anhydride,  benzene  and  aluminum 
chloride  together  until  hydrogen  chloride  was  no  longer  evolved.  An  acid 
anhydride  was  then  added  and  the  heating  continued  for  about  3  hoius. 
The  acid  anhydride  reacts  with  the  intermediate  compound  formed  and 
diphenyl  phthalide  is  the  final  product.  Of  the  acid  anhydrides  used, 
acetic  anhydride  was  found  to  give  the  best  results.  This  method  was 
used  in  the  experiments  described  below. 

In  the  reactions  described  in  this  paper  tetrabromo-  and  tetra-iodo- 
phthaUc  anhydrides  were  used  with  aluminum  chloride  and  either  benzene 
or  toluene.    In  most  cases  good  yields  of  the  phthalides  were  obtained. 

The  diphenyl-  and  ditolyl-tetrachloro-phthaUdes  have  been  prepared 
by  Omdorff  and  Murray^  who  obtained  them  by  treating  tetrachloro- 
phthalyl  chloride  with  benzene  and  toluene  respectively.  We  prepared 
these  two  compounds  by  Rubidge's  method  and  found  them  identical  with 
Omdorff's  products.' 

Tetrabromo-plithalic  Anhydride  with  Aluxniniim  Chloride  and  Benzene. — ^Ten  g. 
of  anhydride  was  shaken  up  with  45  cc.  of  benzene  and  then  6.3  g.  of  aluminum  chloride 
was  slowly  added.  All  the  hydrogen  chloride  had  been  evolved  after  the  mixture 
had  stood  for  9  hours  on  the  water-bath  at  80**.  Seven  cc.  of  acetic  anhydride  was  added 
and  the  reaction  was  allowed  to  stand  for  3  hours  longer  at  the  same  temperature.  Fifty 
cc.  of  10%  hydrochloric  acid  was  then  added  and  the  excess  of  benzene  was*  removed 
by  distillation  with  steam;  yield,  94%.  The  product  was  tecrystallized  from  glacial 
acetic  add  and  melted  at  202^.  It  is  soluble  in  benzene,  toluene  and  chloroform, 
sli^tly  soluble  in  ethyl  alcohol  and  insoluble  in  ligroin  and  water.  This  compound 
was  found  to  be  diphenyl-tetrabromo-phthalide. 

Analysis.    Calc.    Br,  53.16.    Found:    53.5. 

TetrabromiHphthalic  Anhydride  with  Aluminum  Chloride  and  Toluene. — Ten  g.  of 
anhydride,  45  cc.  of  toluene,  6.3  g.  of  aluminum  chloride  and  7  cc.  of  acetic  anhydride 
were  used  and  the  reaction  carried  out  as  above,  except  at  96^98°;  yield,  93%.  Re- 
crystallized  from  glacial  acetic  acid,  the  product  melted  at  196-197^.  It  is  soluble  in 
benzene,  toluene  and  chloroform,  slightly  soluble  in  ether  and  alcohol  and  insoluble  in 

1  Rubidge  and  Qua,  Tms  Journai*,  36,  732  (1914). 

«  Omdorff  and  Mmray.  ibid.,  39,  294  (1917). 

'  The  melting  point  of  diphenyl-tetrachloro-phthalide  is  stated  by  Omdorff  and 
Murray  to  be  250*";  our  product  melted  at  150  ^  and  on  second  recrystallization  at 
151**.  In  a  private  communication  Dr.  Omdorff  states  that  a  typographical  error 
occurred  in  their  paper  and  that  the  melting  point  should  have  been  given  as  150^. 
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water.  Method  of  preparation  and  analytical  results  show  this  substance  to  be  ditolyl- 
tetrabromo-phthalide. 

Analysis.    Calc:    Br,  60.83.    Found:    51.08. 

Tetra-iodo-phthalic  Anhydride  with  Aluminum  Chloride  and  Benzene. — Ten  g.  of 
anhydride,  40  cc.  of  benzene,  4.4  g.  of  aluminum  chloride  and  6  cc.  of  acetic  anhydride 
were  taken,  the  temperature  of  reaction  being  about  80°.  The  phthaUde  obtained  is 
soluble  in  benzene,  toluene  and  chloroform,  slightly  soluble  in  ether,  ligroin  and  ethyl 
alcohol,  and  insoluble  in  water.  When  recrystaUized  from  glacial  acetic  acid  it  melted 
at  206°;  yield,  61%.  It  has  a  very  pale  yellow  color.  This  compound  was  shown  to 
be  diphenyl-tetra-iodo-phthaUde. 

Artalysis,    Calc:   I,  64.33.    Found:   64.01. 

Tetra-iodo-phthalic  Anhydride  with  Aluminum  Chloride  and  Tdoene. — ^The  re- 
action was  carried  out  as  above  at  97-98°  with  10  g.  of  anhydride,  40  cc.  of  toluene,  4.4 
g.  of  aluminum  chloride,  and  6  cc.  of  acetic  anhydride.  The  product  was  treated  with 
small  quantities  of  cold  acetone  to  remove  the  tar  formed  during  the  reaction.  The 
residue  was  recrystaUized  from  glacial  acetic  acid  and  melted  at  213-214°;  3deld,  42%. 
It  is  soluble  in  benzene  and  chloroform,  and  slightly  soluble  in  ethyl  and  methyl  alcohols 
ether  and  ligroin.  Our  purest  product  had  a  pale  yellow  color.  The  synthesis  and 
analysis  show  this  substance  to' be  ditolyl-tetra-iodo-phthalide. 

Analysis,    Calc:  1,62.1.    Found:  62.5. 

Summary. 

1.  The  method  used  by  Rubidge  and  Qua  for  the  preparation  of  diphenyl 
phthalide  was  found  to  give  good  results  in  the  preparation  of  the  diphenyl 
and  ditolyl  tetrahalogen  phthalides. 

2.  Four  new  substituted  phthalides  have  been  prepared  and  their 
properties  described:  diphenyl-tetrabromo-phthalide,  m.  p.  202°;  ditolyl- 
tetrabromo-phthalide,  m.  p.  196-197°;  diphenyl-tetra-iodo-phthalide,  m.  p. 
206°;  ditolyl-tetra-iodo-phthalide,  m.  p.  213-214°. 

Toronto,  Ontario.  

[Contribution  prom  thb  Chbmicai*  Laboratory  op  thb  Univbrsity  op  Calipornia.] 
THE  REARRANGEMENT  OF  BENZIL  TO  BENZILIC  ACID. 

By  Arthur  Lachman. 

Received  August  29,  1021. 

The  mechanism  whereby  benzil,  under  the  influence  of  alkalies,  is  con- 
verted into  benzilic  acid  has  long  been  a  matter  of  speculation.  Four 
different  hypotheses  have  occupied  the  attention  of  recent  investigators. 
Nef ^  assumed  an  addition  of  water  to  benzil,  followed  by  dissociation  into 
benzophenone  and  "dioxymethylene;"  the  latter  substance,  after  changing 
over  into  formic  acid,  was  then  supposed  to  condense  with  the  former  by 
carbonyl  condensation,  thus  yielding  benzilic  acid.  Schroeter^  postu- 
lated the  intermediate  formation  of  diphenylketene.  This  view,  however, 
has  been  tested  experimentally  by  Nicolet  and  Pelc,'  and  foimd  tmtenable. 
Tiffeneau,  recognizing  the  analogy  between  the  benzil  rearrangement 

iNef,    Ann.,    298,    372    (1897). 

'Schroeter,   Ber.,  42,  2336    (1909). 

•Nicolet  and  Pelc,  This  Journai<,  43,  935  (1921). 
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and  that  of  pinacol  into  pinacolone,  has  adapted  his  theory  of  the  latter 
process*  to  the  somewhat  diflferent  conditions  applying  in  the  case  of  ben- 
zil.  Michael,*  in  a  purely  critical  consideration  of  these  explanations 
has  found  them  all  unsatisfactory;  according  to  him,  the  rearrangement 
of  benzil  is  caused  by  "the  great  positive  energy  of  the  alkali"  employed  as 
reagent. 

An  experimental  study  of  this  puzzling  behavior  of  benzil  has  brought 
facts  to  light  which  definitely  rule  out  the  hypotheses  of  Nef ,  Tiffeneau 
and  Michael.  This  work  was  suggested  by  the  recently  completed  in- 
vestigation of  dihydroxy-tartaric  acid*  during  which  the  striking  resem- 
blance of  this  acid  to  benzil  was  noted.  Dihydroxy-tartaric  add,  warmed 
with  alkali,  rearranges  to  give  tartronic  acid;  this  process  is  quite  analo- 
gous to  the  benzil  transformation.  Dihydroxy-tartaric  add,  whose 
carboxyl  groups  hold  water  and  are  therefore  C(OH)i  groups,  is  able  to 
undergo  rearrangement  simply  through  the  action  of  heat.'  Is  it  not 
possible  that  benzil,  given  suffident  time  and  temperature  increase,  might 
add  water  and  produce  benzilic  acid? 

The  Action  of  Water  on  Benzil. 

Michael  and  Tiffeneau  base  their  theoretical  views  on  the  preliminary 
addition  of  alkali  to  the  benzil  molecule.  It  is  strange  that  they  both 
overlooked  the  significance  of  an  observation  recorded  many  years  ago 
by  Klinger.*  Klinger  exposed  a  solution  of  benzil  in  moist  ether  to  the 
action  of  sunhght;   among  the  reaction  products  he  found  benzilic  add. 

It  was  therefore  extremdy  probable  that  water  alone  would  convert 
benzil  into  benzilic  add.  The  first  attempts,  however,  were  not  very 
encouraging.  Varying  amotmts  of  the  two  materials  were  heated  in  sealed 
tubes  for  periods  up  to  10  hours  and  to  temperatures  up  to  235°.  In  all 
cases,  mere  traces  of  benziUc  add  were  formed,  and  the  benzil  was  recovered 
practically  completdy  and  with  unchanged  mdting  point.* 

« Tiffeneau,  Rev,  gen.  set.,   18,  684  (1907). 

•Michael,   Tbjs  Journai.,   42,  812   (1920). 

•  Lachman,  ibid.,  43,  2091  (1921). 

"*  Solutions  of  the  free  acid  (and  its  salts)  change  into  tartronic  acid  even  at  room 
temperature;   the  process  is  completed  within  a  few  days. 

■  Klinger,  Ber.,  19,  1868  (1886).  No  quantitative  data  arc  given;  the  period  of 
exposure  was  4  months.  The  observation  is  correct.  By  means  of  the  colorimetric 
method  described  below,  it  is  very  easy  to  follow  the  progress  of  this  conversion.  The 
ethereal  solution  is  extracted  at  intervals  with  small  amounts  of  sodium  carbonate 
solution.  Ten  g.  of  benzil,  dissolved  in  100  cc.  of  moist  ether,  gave  no  test  for  benzilic 
acid  after  3  days.  After  15  days,  0.0015  g.  was  noted;  after  35  days,  0.0020  g.  ad- 
ditional was  found.    The  study  of  this  photochemical  reaction  is  being  continued. 

'  Mimite  amounts  of  benzilic  add  may  be  estimated  with  fair  accuracy  by  means 
of  the  intense  purple  color  which  the  substance  gives  with  cone,  sulfuric  add.  Stanlards 
may  be  made  with  from  0 .0005  to  0 .0050  g.  dissolved  in  a/«w  droi>s  of  water  or  alcohol 
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When  the  mode  of  procedure  was  changed,  and  benzil  was  heated 
under  a  reflux  condenser  with  large  quantities  of  water,  for  much  longer 
periods  (up  to  120  horn's),  much  larger  amounts  of  benzilic  add  were  ob- 
tained. The  solubility  of  benzil  in  boiling  water  was  fotmd  to  be  0. 33  g. 
per  liter.  The  solution  has  a  decided  yellow  color;  when  it  cools,  it  de- 
posits very  slender,  and  very  paJe  needles.  These  melt  at  the  same 
temperature  as  the  original  material. 

The  isolation  of  benzilic  acid  from  the  reaction  mixtiu-es  was  effected 
as  follows.  After  cooling  the  material  to  room  temperature,  it  was  made 
alkaline  by  the  addition  of  a  few  cubic  centimeters  of  sodium  carbonate 
solution,  and  then  extracted  twice  with  ether.  The  alkaline  solution  was 
evaporated  to  about  15  cc,  cooled,  acidified  with  hydrochloric  acid  in 
slight  excess,  and  extracted  with  ether.  The  ether  extract  was  dried  at 
100°  and  weighed.  Its  melting  point  was  then  taken.  Control  tests, 
each  of  1  liter  of  cold  saturated  aqueous  solution  of  benzil,  gave  no  ben- 
zilic acid  whatever  when  subjected  to  the  process  just  described. 

The  first  series  of  measurements  gave  the  following  data. 


Time 

Water 

Benzil 

Benzilic  Add 

M.  p. 

Days 

Cc. 

G. 

O. 

^'C 

3 

1000 

10 

0.04 

140 

3 

1000 

10 

0.07 

142 

5 

760 

1 

0.06 

146 

3 

760 

1 

0.06 

143 

The  melting  points  indicate  a  relatively  high  degree  of  purity  in  the 
product,  and  in  particular  the  absence  of  any  considerable  proportion  of 
benzoic  acid.  Pure  benzilic  acid  melts  at  149-150°;  a  mixture  with  5% 
of  benzoic  acid  melts  at  142-143°;    with  10%,  at  134-135°. 

These  results  showed  that  the  active  mass,  in  the  conversion  of  benzil 
to  benzilic  acid,  is  solely  the  dissolved  portion,  t.  e.,  0.33  g.  per  liter. 
Based  on  this  amount,  the  yields  of  benzilic  add  obtained  are  relatively 
large. 

The  method  by  which  these  figures  were  obtained  did  not  lend  itself 
to  accurate  measurement;  but  as  the  data  showed  that  practically  no 
other  acid  product  than  benzilic  acid  was  formed,  a  series  of  obser- 
vations was  made  in  which  the  final  acidity  was  determined.  Three 
flasks  containing  benzil  and  water  were  sealed  and  kept  for  5  days  in  an 
electrically  heated  air-bath.  The  temperature  ranged  between  95°  and 
100°. 

The  water  had  previously  been  boiled  to  remove  carbon  dioxide;    the 

and  made  up  to  26  cc.  with  pure  sulfuric  acid.  If  protected  from  atmospheric  moisture 
these  solutions  will  keep  for  days.  Benzil  and  benzophenone  do  not  interfere.  Benzo- 
hydrol  gives  a  brick-red  color,  but  much  less  intense;  it  may  be  removed  by  ether  ex- 
traction after  rendering  the  sample  alkaline.  Phenolphthalein  interferes  with  the 
benzilic  test,  and  should  be  employed  only  as  an  outside  indicator. 
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flasks  were  of  Pyrex  glass,  and  had  been  steamed  out.  At  the  end  of  the 
heating  period  the  flasks  were  cooled  to  room  temperature,  the  contents 
filtered  cold,  and  promptly  titrated  cold  with  0.1  iV  sodium  hydroxide 
solution,  with  phenolphthalein  as  an  indicator.  The  following  data  were 
secured. 


BenzU 

Water 

NaOH 

Equivalent 
benzilic  acid 

G. 

Cc. 

Cc. 

G. 

1.523 

600 

0.80 

0.018 

0.884 

600 

0.66 

0.015 

0.461 

600 

0.75 

0.017 

These  figures  are  somewhat  lower  than  the  previous  set,  despite  the  longer 
time  period.  The  temperature  was  a  little  lower,  however;  and  the  first 
series  may  have  been  slightly  influenced  by  alkali  from  the  glass.  Such 
an  influence  is  excluded  here:  free  acid  only  is  recorded. 

Action  of  Very  Weak  Alkali  on  Benzil. 

Michael's  discussion  of  the  benzil  rearrangement  begins  with  this  state- 
ment:^® "There  is  no  indication  of  the  formation  of  a  hydrated  benzil 
but,  even  accepting  its  existence  during  the  reaction,  it  is  certain  that  al- 
kali would  rupture  the  carbon  linkage  and  form  sodium  benzoate  and  benz- 
aldehyde,  etc."  It  has  just  been  shown  that  water  by  itself  produces 
little  or  no  benzoic  acid.  The  effect  of  small  amounts  of  alkali  was  there- 
fore investigated. 

One  g.  of  benzil  was  boiled  with  760  cc.  of  water  as  befofe,  with  the  addition  of 
5.0  cc  of  N  sodium  hydroxide  solution.  If  all  the  benzil  were  converted  into  either 
benzilic  or  benzoic  acid,  4.4  cc.  would  be  used  up.  The  normality  of  the  alkaline 
sohition  at  the  start  was  0 .  0066.  Boiling  was  continued  for  2  dasrs  when  it  was  found 
that  2.5  g.  of  sodium  hydroxide  was  used  up,  and  0.55  g.  of  benzilic  add  obtained 
of  m.  p.  142^.  A  duplicate  was  refluxed  for  3  days;  2.8  g.  of  sodium  hydroxide  was 
used  up  and  0.61  g.  of  benzilic  acid  (m.  p.  139 **)  obtained. 

The  melting  points  are  depressed  in  part  by  the  phenolphthalein  present, 
and  perhaps  by  other  impurities  as  well :  in  fact,  the  crude  benzilic  acid 
darkened  considerably  as  it  dried  before  it  was  weighed,  and  blackened 
when  it  melted;  whereas  mixtures  of  pure  benzilic  and  benzoic  acids  may 
be  re-melted  several  times  without  change  of  color,  if  not  overheated. 
It  is  clear,  therefore,  that  the  amount  of  benzoic  acid  formed  during  the 
action  erf  very  weak  alkali  on  benzil  must  be  even  less  than  the  melting 
points  would  indicate,  and  that  5%  is  an  upper  limit. 

The  action  of  weak  alkali  on  benzil  is  seen  to  differ  from  that  of  pure 
water  only  in  the  rate  at  which  the  rearrangement  takes  place.  The  cata- 
lytic eflfect  of  tiie  alkali,  in  the  concentration  employed,  is  quite  moderate; 
the  rate  being  increased  about  20  times.     Inasmuch  as  the  hydroxyl- 

"Ref.   5,  p.  812. 
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ion  concentration  in  the  alkali  is  nearly  10,000  times  greater  than  in  the 
water,  the  hydroxylion  as  such  is  not  an  essential  factor  in  the  transfor- 
mation. The  relative  unimportance  of  this  ion  is  shown  also  by  the  final 
acid  reaction  when  water  alone  is  the  reagent. 

The  views  of  TifFeneau  and  of  Michael  are  inadequate  to  explain  the 
data  just  recorded,  and  they  fail  to  account  for  the  photochemical  obser- 
vations of  Klinger. 

The  conversion  of  benzil  into  benzilic  acid,  therefore,  is  accurately 
represented  by  the  equation, 

Ph— CO— CO— Ph  +  H,0   -  PliiC(OH)COOH.  (1) 

This  equation,  however,  is  purely  qualitative;  for  it  is  obvious  from  the 
experimental  results  that  the  reaction  does  not  reach  completion,  and  tiiat 
some  as  yet  unrecognized  factor  is  impeding  it. 

Is  the  Benzil  Rearrangement  Reversible? 
The  heats  of  combustion  of  benzil  and  of  benzilic  add  are  almost  iden- 
tical (1625  and  1619  Cal.  respectively).  The  change  in  free  energy  during 
the  rearrangement  must  therefore  have  a  very  low  value,  and  from  this 
point  of  view  the  reversal  of  Equation  1  does  not  appear  at  all  improbable. 
Such  a  reversal  would  have  considerable  significance.  For  this  reason, 
the  conflicting  data  thus  far  obtained  are  given  here,  in  the  hope  that  they 
may  eventually  lead  to  a  solution  of  this  problem. 

Three  g.  of  imported  benzilic  add  was  refluxed  with  1  liter  of  water  for  2  days. 
After  the  solution  had  been  rendered  alkaline,  ether  extraction  gave  0.08  g.  of  benzil, 
m.  p.  90^.  But  another  sample  of  the  same  lot,  not  previously  refluxed  with  water, 
was  found  to  contain  0.06  g.  of  benzil.  Therefore,  a  portion  of  this  benzilic  add  was 
carefully  purified.  It  was  first  dissolved  in  a  slight  excess  of  potassium  carbonate 
solution,  and  this  solution  was  extracted  with  ether.  The  alkaline  solution  was  evapo- 
rated, and  the  crystals  of  potassi|mi  benzilate  were  recrystaUized.  This  purified  salt 
was  then  predpitated  fractionally  (1)  with  dil.  acetic  add,  (2)  with  cone,  acetic  add, 
(3)  with  hydrochloric  add.  All  3  fractions  melted  sharply  at  149.5"*.  This  material 
was  used  for  all  further  experiments. 

As  it  was  possible  that  the  imported  material  was  originally  pure,  but 
had  slowly  reverted  (it  was  at  least  8  years  old),  a  weighed  portion  of  the 
piuified  product  was  heated  in  a  sealed  tube  to  100°  for  10  days.  Its 
acidity  was  then  foimd  to  be  unchanged,  so  that  no  benzil  could  have  been 
formed  under  these  conditions. 

Three  separate  portions  of  1 .0  g.  each  were  refluxed  with  water  for  3  days.  Ether 
extraction  of  two  of  these  gave  mere  traces  of  oil;  in  the  third  case,  0.03  g.  of  benzil 
mdting  at  87°  was  obtained,  which  after  recrystallization  melted  at  92°.  In  this 
instance,  the  yellow  crystals  of  benzil  were  noted  in  the  reflux  condenser  on  the  second 
day. 

This  result  has  not  been  obtained  again.  Two  further  trials,  with  longer  boiling, 
gave  small  yidds  of  benzophenone,  with  no  visible  content  of  benzil.  The  benzophenone 
was  converted  into  its  oxime,  which  mdted  sharply  at  140°,  and  could  have  contained 
but  little  impurity.    Furthermore,  no  benzil  was  observed  when  benzilic  add  was 
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boiled  in  the  presence  of  an  equivalent  amount  of  hydrochloric  add;   the  same  was 
true  when  the  benzilic  add  was  partly  or  almost  wholly  neutralized. 

Thus,  the  behavior  of  benzilic  add  is  seen  to  be  erratic,  and  subject 
to  influences  which  have  so  far  escaped  observation.  This  is  clearly  shown 
in  the  following  series  of  data. 

The  Change  from  Benzilic  Acid  to  Benzophenone. 

A  large  volume  of  a  nearly  saturated  solution  of  benzilic  acid  was  pre- 
pared. Five  hundred  cc.  of  this  required  36. 2  cc.  of  0. 1  AT  alkali  for  neu- 
tralization at  the  boiling  point,  with  phenolphthalein  as  an  indicator, 
and  36. 1  cc.  at  room  temperature.  Both  solution  and  alkali  were  there- 
fore free  from  carbon  dioxide  within  the  limit  of  experimental  error. 
Benzilic  acid  in  this  concentration  is  not  appreciably  volatile  with  steam; 
500  cc.  was  boiled  briskly  for  15  minutes,  and  then  titrated;  36.0  cc.  of 
alkali  was  needed.  The  normality  of  this  stock  solution  was  0.00724, 
equivalent  to  1 .  650  g.  of  benzilic  acid  per  liter. 

Seven  portions  of  500  cc.  each  were  sealed  in  Pjrrex  flasks,  and  heated  at  105^ 
for  the  periods  of  time  shown  below.  Flasks  3  to  7  were  heated  simultaneously. 
After  cooling  to  room  temperature*  the  flask  contents  were  titrated  directly.  Very 
uneven  results  were  obtained. 


lask 

Time 

NaOH 

Days 

Cc. 

1 

2 

34.8 

2 

2 

35.2 

3 

3 

34.7 

4 

5 

31.9 

5 

5 

34.8 

6 

6 

31.7 

7 

5 

34.6 

Acidity  lost 

Total 

per  day 

% 

% 

3.9 

1.9 

2.8 

1.4 

4.3 

1.4 

11.9 

2.4 

3.9 

0.8 

12.5 

2.5 

4.4 

0.9 

The  contents  of  Flasks  1  and  2  were  combined  after  neutralization,  and  extracted 
carefully  with  ether.  This  gave  an  oily  residue,  weighing  when  dry  0.045  g.;  calc. 
for  benzophenone,  0.044  g.  The  contents  of  Flasks  4  and  6  were  cloudy  when  cool. 
From  4  there  was  obtained  0.069  g.  of  oxlme  melting  at  140°  (calc,  0 .  085  g.),  a  recovery 
of  81%.  The  contents  of  Flasks  5,  6  and  7  combined  gave  0. 15  g.  of  oxime,  melting 
at  138*  (calc.  0.14  g.). 

In  several  instances,  during  this  work  on  benzilic  add,  the  ether  extracts  gave  a 
strong  color  reaction  for  benzohydrol  with  sulfuric  add,  but  no  benzohydrol  was  actually 
iioiatcd  at  any  time.  A  control  test,  to  see  whether  by  chance  benzohydrol  could  form 
benzophenone  ozime  with  hydroxylamine,  was  negative. 

When  exposed  to  sunlight  for  15  days,  500  cc.  of  the  same  benzilic  acid  solution 
used  only  27.5  cc.  of  sodium  hydroxide  solution,  a  loss  of  22%.  The  oxime  melted  at 
118*  and  carried  an  oily  admixture;  after  recrsrstallization,  it  mdted  at  139°. 

The  above  data,  de^ite  the  irregularity  observed  as  to  rate,  clearly 
show  that  the  formation  of  benzophenone  is  proportional  to  the  loss  in 
acidity  which  is  suffered  by  the  benzilic  acid.  The  reaction  therefore 
cannot    be    represented    by 

Ph.C(OH)COOH   -  PhiCO  +  H— COOH.  (2) 
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Klinger  and  Standke,^*  who  have  studied  the  decomposition  of  benzilic 
acid  by  prolonged  heating  to  180®,  found  that  the  chief  reaction  is 

Ph,C(OH)COOH  =  PhiCO  +  CO  +  H,0.  (3) 

This  equation  also  represents  the  behavior  of  the  acid  when  it  is  boiled 
with  water.  ^* 

There  is  no  likelihood  that  formic  add  is  first  formed  according  to 
Equation  2,  and  that  it  immediately  breaks  down  completely  into  water 
and  carbon  monoxide.  Dr.  Branch  has  been  kind  enough  to  calculate 
that  at  least  10  times  as  much  formic  acid  as  could  be  produced  in  the  above 
experiments  would  be  in  stable  equilibrium  with  water  and  carbon  mon- 
oxide.^' 

These  data  leave  no  room  for  Nef *s  hypothesis  that  benzil  is  converted 
into  benzilic  acid  via  benzophenone  and  "dioxymethylene."  The  series 
of  events  is,  Benzil  — >  Benzilic  acid  — >  Benzophenone,  and  not  Benzil 
— >  Benzophenone  — >  Benzilic   add. 

The  Mechanism  of  Rearrangement. 

No  one  of  the  four  "explanations"  of  the  benzil  rearrangement  that  have 
received  serious  attention  is  capable  of  accounting  for  the  facts  recorded 
above.  Dtuing  the  course  of  this  experimental  study,  a  working  hypothe- 
sis has  been  developed  which  has  the  practical  merit  of  grouping  many 
diverse  processes  under  a  single  point  of  view,  and  of  suggesting  new  modes 
of  approach  such  as  have  just  been  described.  Previous  investigators 
have  devoted  their  attention  chiefly  to  abnormal  readjustments  in  the 
carbon  chain — abnormal  because  infrequent  and  contrary  to  the  teachings 
of  structural  theories — and  have  overlooked  the  features  which  these  re- 
arrangements have  in  common  with  other  reactions,  in  which  no  alteration 
of  the  carbon  chain  is  involved. 

The  benzil  conversion,  like  that  of  pinacol,  and  like  that  of  dihydroxy- 
tartaric  acid,  is  not  only  a  rearrangement,  but  also  an  intramolecular 
oxidation-reduction  process.^*  If  we  permit  ourselves  to  make  one  single 
assumption,  all  of  these  diverse  reactions  and  with  them  many  others, 
find  a  simple  explanation. 

"Klinger  and  Standke,  Ber.,  22,   1213   (1889). 

^*  The  amount  of  carbon  monoxide  formed  is  so  small,  under  the  conditions  of  the 
above  experiments,  that  extremely  careful  gasometric  methods  would  be  required  to 
show  accurate  proportionality.  500  cc.  of  benzilic  acid  solution  was  boiled  as  before, 
after  pumping  out  air  as  much  as  possible.  After  6  days,  during  which  time  the  appa- 
ratus was  sealed,  the  gases  were  pumped  out  again.  8.3  cc.  was  obtained,  of  which 
6 .7  cc.  was  absorbed  by  cuprous  chloride.  The  benzilic  add  solution  had  lost  acidity 
equivalent  to  2.7  cc.  of  0.1  iV  sodium  hydroxide  solution. 

"  Branch,  This  Journal,  37,  2316  (1915). 

i«  Michael  has  indeed  attempted  to  bring  both  rearrangement  and  intramolecular 
oxidation  under  one  point  of  view;  but  his  assumptions  as  to  the  r61e  played  by  re- 
agents and  solvents  are  out  of  harmony  with  the  facts  recorded  above. 
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This  assumption  is  that  hydroxyl  groups  attached  to  adjacent  carbon 
atoms  tend  to  unite  with  one  of  these  carbon  atoms  and,  in  so  doing,  the 
mobile  hydroxyl  group  exchanges  places  with  some  other  atom  or  radical. 
The  typical  equation  of  this  process  is, 

(  ^C(OH)-C(OH)     j  ^  r^^(D)-C(OH),j  (4) 

followed  by  loss  of  water, 

(A)  (B)  (D)  C-C{OH)i  (E)  =»  (A)  (B)  (D)  C-CO(E)  +  H,0  (6) 

The  assumption  of  a  mobile  hydroxyl  group  is  not  new.  Lieben^* 
was  among  the  first  to  suggest  it  for  the  pinacol  rearrangement.  There 
seems,  however,  to  have  existed  a  strong  prejudice  against  the  assumption 
of  mobility  for  an3rthing  except  hydrogen.  Michael,  in  his  recent  critique, 
did  not  mention  Lieben's  hypothesis.  Tiffeneau  dismissed  it  somewhat 
satirically.^*  Meerwein,^^  whose  recent  work  has  brought  out  evidence 
strongly  corroborative  of  the  views  here  set  forth,  gave  it  som^  thought, 
but  could  not  find  in  it  a  sufficient  degree  of  "Notwendigkeit,"  and  there- 
fore adopted  the  views  of  Tiffeneau;  but  he  expressed  his  conviction  that 
the  pinacol  rearrangement  was  an  "immediate"  process,  without  any  in- 
termediates whatever. 

It  is  dear  that  under  favorable  conditions,  rearrangements  involving 
merely  an  exchange  of  hydroxyl  with  some  other  group,  might  be  expected 
to  occur  by  heating  a  substance  without  any  reagents  whatever,. for  a 
long  enough  period  and  to  a  sufficiently  high  temperature.  In  the  case 
of  sodium  dihydroxy-tartrate,  a  few  days  at  room  temperature  suffice, 
as  does  a  single  hour  at  150^.  The  behavior  of  hydrated  benzil  has  just 
been  described.  The  pinacols  rearrange  under  the  influence  of  heat  alone.  ^* 
The  transformation  of  tartaric  acid  into  pyruvic  acid  has  been  explained 
by  Chattaway  and  Ray^*  as  an  exchange  of  hydrogen  and  hydroxyl; 
this  is  a  typical  intramolecular  oxidation-reduction  reaction,  and  is  in- 
duced by  moderate  temperatiure  increase. 

It  is  not  possible,  with  our  present  knowledge,  to  form  any  definite  con- 
ception of  the  driving  force  in  these  intramolecular  processes.  In  the 
case  of  the  pinacols,  rearrangement  is  greatly  facilitated  by  dehydrating 
agents;   and  it  might  have  seemed  as  if  the  free  energy  of  the  formation 

u  Lieben,  Manaish.,  23,  63  (1902). 

"  Tiffeneau's  phrase  i^  "tine  sorte  de  chass6-crois6." 

"Meerwein,  Ann.,  396,  209  (1913);   419,  121  (1919). 

"  This  statement  regarding  the  pinacols  is  at  variance  with  the  published  reports 
of  Thomcr  and  Zincke.  Professor  T.  D.  Stewart  is  now  investigatmg  the  question 
experimentally. 

»  Chattaway  and  Ray,  /.  Chem.  Soc,  119,  34  (1921).  They  were  investiga- 
ting the  well-known  dry  distillation  of  tartaric  add.  I  have  since  found  that  sc^u- 
Hans  of  tartaric  add  in  water  3ridd  p3mivic  add  and  carbon  dioxide  steadily  on 
prolonged  bdling. 
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of  water  were  the  sufficient  as  well  as  the  necessary  factor.  But  Vor- 
Ifinder^^  has  shown  that  dilute  solutions  of  weak  organic  acids,  which 
can  hardly  be  classed  as  dehydrating  media,  will  bring  about  pinacolone 
formation;  and  it  has  been  shown,  that  the  benzil  rearrangement  takes 
place  with  the  addition  of  water.  We  must  therefore  distinguish  between 
water  formation  as  a  causating  factor,  as  in  ester  synthesis,  and  water 
separation  as  an  incident,  as  in  the  pinacols. 

The  most  striking  feature  of  these  rearrangements,  from  the  standpoint 
of  affinity  problems  as  well  as  of  atomic  structures,  is  that  perfectly  sym- 
metrical compounds,  such  as  pinacol,  benzil,  tartaric  acid,  dihydroxy- 
tartaric  acid  and  oxalic  acid,  represent,  in  fact,  unstable  equilibria.  When 
we  come  to  know  why  such  structures  are  tmstable,  we  shall  know  what 
is  the  cause  of  rearrangement.  Meanwhile,  we  must  be  satisfied  with 
the  somewhat  awkward  phrase  "intramolecular  oxidation  and  reduction."'* 

Rearrangements  of  carbon  chains,  as  viewed  here,  are  merely  a  special 
case  of  a  general  phenomenon.  If,  in  Equation  4,  one  of  the  groups  A, 
B,  D,  E,  is  hydrogen,  that  will  usually  be  the  one  to  exchange  places  with 
hydroxyl.  If  no  hydrogen  is  so  present,  a  radical  such  as  methyl,  phenyl 
or  carboxyl  will  shift  to  take  the  place  of  the  mobile  hydroxyl. 

If  the  compound  (COH)2ABDE  is  symmetrical,  only  one  "metaklinic" 
product  can  result;  but  if  it  is  imsymmetrical,  two  or  more  may  be  ex- 
pected. Meerwein's  latest  work  has  proved  this  in  convincing  fashion, 
setting  a  standard  of  experimental  completeness  worthy  of  emulation. 

The  following  convention  is  suggested  for  the  formulation  of  such  shifts, 
using  the  pinacol  rearrangement  as  an  example. 

(CH,),C(OH)--C(OH)(CH,)«   =   (CH,),C   +  C(OH)«(CH,),.  (6) 

The  division  sign  is  used  to  indicate  that  an  hydroxyl  group  has  moved 
(in  this  case  to  the  right)  and  that  the  vacant  bond  will  be  occupied  by 
a  shift  from  that  side. 

Meerwein  has  found  that  in  dimethyl-dipropyl  glycol  the  shift  occurs 
in  two  directions;*  and,  as  might  be  expected  from  the  close  resemblance 
between  methyl  and  propyl,  in  nearly  equal  proportions. 

McC  +  C(OH),Pr, 
Me,C(OH)-C(OH)Pr«  ':;^  (7) 

^^  MeiC(OH)i  +  CPri 

Similar  results  were  found  by  him  in  the  case  of  dimethyl-dibutyl  glycol." 

^  Vorlander,  Ber.,  30, 2266  (1897)»  For  a  discussion  of  this  phase  of  the  rearrange- 
ment problem,  cf.  Michael,  Ref.  6,  p.  802. 

»*A  short  word  may  prove  desirable.  The  verb  tnetaklinomai  (Gr.)  (to  shift 
cargo  from  one  side  to  another)  offers  an  apt  analogy.  We  may  speak  of  metakliny 
or  of  the  metaklinic  process. 

*'  The  observed  proportion  of  methyl  shift  to  propyl  shift  is  10: 8;  of  methyl  to 
butyl,  7:4.  Meerwein  is  studying  the  factors  that  determine  preference  in  shifting. 
Tiffeneau,  who  has  done  valuable  work  in  this  same  field,  found  that  in  most  cases 
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Experimental  studies  in  the  field  of  rearrangement  are  greatly  compli- 
cated by  the  occurrence  of  side  reactions.  These  may  be  of  the  most 
diverse  sort;  chief  among  them  is  a  tendency  to  rupture  the  bond  con- 
necting the  carbon  atoms  to  which  the  hydroxyl  groups  are  originally 
attached.  This  rupturing  process  may  at  times  become  the  main  reaction, 
with  rearrangement  greatly  subordinated;  such  seems  to  be  the  case 
with  the  aromatic  pinacols.^' 

Coming  now  to  the  consideration  of  the  benzil  rearrangement,  we 
may  for  the  present  assume  that  each  of  the  carbonyl  groups  is  capable 
of  adding  water,  in  analogy  with  dihydroxy-tartaric  acid.  Using  X  to 
represent  either  phenyl  or  carboxyl,  we  may  use  a  single  set  of  equations 
for  the  behavior  of  both  of  these  compounds. 
X— C(OH),— C(OH),X  =  X-C(OH)   +  C(OH),X  = 

X,C(OH)--C(OH),   =  X,C(OH)-COOH  +  H,0.        (8) 

It  is  an  advantage  of  this  method  of  formulation  that  it  indicates  the  na- 
ture of  the  rupture  products  as  well.  Benzil  is  ruptiu-ed  to  give  benzoic 
add  and  benzaldehyde;  dihydroxy-tartaric  acid  yields  oxalic  and  gly- 
oxalic  acids. 

The  decomposition  of  benzilic  acid  described  above  may  be  accoimted 
for  in  similar  fashion,  as  a  combination  of  shift  and  rupttu-e,. 

Ph,C(OH)CO(OH)  =  Ph,C(OH)i  +  CO  =  Ph,CO  +  H,0  +  CO.  (9) 

It  would  require  far  too  much  space  to  point  out  the  wide  applicability 
of  the  reactions  typified  by  Equations  6,  8,  and  9.  A  very  few  illustra- 
tions will  suffice.  The  formation  of  acrolein  on  heating  glycerine  is  an 
exchange  of  hydrogen  and  hydroxyl.  The  interconversion  of  glucose, 
mannose  and  fructose  is  an  addition  of  water  to  the  carboxyl  group,  fol- 
lowed by  exchange  of  hydrogen  and  hydroxyl.  The  formation  of  methyl- 
glyoxal  from  glucose  may  be  accounted  for  by  the  shift  of  2  hydroxyl 
groups,  followed  by  rupture.  The  conversion  of  methylglycol  into  a  mix- 
ture of  acetone  and  propionic  aldehyde  is  a  shift  of  hydroxyl  in  2  directions, 
quite  similar  to  Meerwein's  results  in  the  more  complicated  glycols.  The 
breakdown  of  benzoyl-formic  acid  into  carbon  monoxide  and  benzoic 
acid,  and  of  oxalic  acid  into  carbon  monoxide  and  carbonic  acid,  are  analo- 
gous to  the  decomposition  of  benzilic  acid. 

phenyl  is  more  labile  than  methyl.  Tififeneau,  however,  has  not  been  consistent  in 
developing  the  quantitative  side  of  this  phenomenon.  It  may  be  possible  some  day 
to  establish  a  "metakUnic"  series  indicating  the  relative  ease  of  shift  of  the  various 
radicals  Hantzsch  has  done  something  like  this  in  the  case  of  the  Beckmann  rear- 
rangement. 

"Benzyl  ether  (Cannizaro,  Ann.»  92,  113  (1854);  Lowe,  ibid.,  241,  374  (1887)), 
on  heating,  breaks  down  into  benzaldehyde  and  toluene:  Ph — CHi — O — CHi — ^Ph 
=  PhCHO  +  PhCHj.  This  reaction  is  now  being  investigated;  it  seems  to  offer  an 
opportunity  for  the  quantitative  study  of  "metakliny,"  free  from  the  complications 
caused   by  side  reactions. 
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Conclusion. 

The  electronic  conception  of  intramolecular  oxidation  and  reduction 
accounts  for  the  phenomena  just  described,  by  stating  that  the  oxidized 
carbon  atom  loses,  and  the  reduced  carbon  atom  gains,  an  electron.  From 
this  point  of  view,  electron  movement  and  hydroxyl  movement  are  recip- 
rocal; and  it  may  well  be  that  they  stand  to  each  other  in  the  relation 
of  cause  and  effect. 

-  It  is  diflScult,  however,  to  derive  any  helpful  suggestions  from  this 
source,  in  the  present  state  of  our  information;  and  it  seems  more  useful 
to  adhere  to  the  established  customs  of  structural  interpretation.  When 
we  know  more  about  the  behavior  of  the  electrons  of  carbon,  there  wiH 
be  no  difficulty  in  re-interpreting  the  facts  of  rearrangement. 

Meanwhile,  we  can  state  only  as  experimental  facts,  the  comprehension 
of  which  escapes  us,  that  if  two  (or  possibly  more  than  two)  carbon  atoms 
in  a  compound  are  in  a  symmetrical  or  in  a  similar  state  of  oxidation, 
such  a  structure  is  unstable;  that  one  of  these  carbon  atoms  tends  to  a 
greater  degree  of  oxidation,  the  other  becoming  reduced ;  that  this  tendency 
is  enhanced  by  an  increase  of  temperature,  and  may  be  greatly  acceler- 
ated by  a  variety  of  catalysts;  and  that  the  forces  concerned  in  or  re- 
leased by  it  are  powerful  enough,  at  times,  to  overcome  the  forces  that  bind 
carbon  atoms  together. 

I  must  acknowledge  my  heavy  indebtedness  to  Professors  Stewart, 
Porter  and  Branch,  of  California,  and  to  Professor  Stieglitz,  of  Chicago, 
for  their  helpful  suggestions  and  still  more  helpful  criticism  dtmng  the 
preparation  of  this  paper. 

Summary. 

1.  Benzil  is  converted  into  benzilic  acid  by  boiling  with  water. 

2.  The  action  of  very  weak  alkali  differs  from  that  of  water  only  by 
being  somewhat  faster,  but  by  no  means  in  proportion  to  the  increase  in 
hydroxyl  ions. 

3.  The  reversal  of  the  benzil  rearrangement  is  not  unlikely,  but  has 
not  yet  been  accomplished.  ^^'Sy 

4.  Benzilic  acid,  on  boiling  with  water,  yields  benzophenone  and  c^bon 
monoxide.  v 

5.  The  previous  theories  of  rearrangement  do  not  account  for  the  ob- 
served facts.  ^ 

6.  A  theory  of  rearrangement  is  offered,  based  upon  the  forces  con- 
cerned with  intramolecular  oxidation  and  reduction. 

7.  This  theory  brings  a  wide  variety  of  facts  into  relation  with  one 
another. 
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SULFUR  m  PROTEINS.    I.    THE  EFFECT  OF  ACID  HYDROLY- 
SIS UPON  CYSTINE.! 

By  Walter  Fred  Hoffican  and  Ross  Aiken  Gortner.* 

ReceiTed  August  30,  1921. 

Introduction. 

The  protein  molecule  has  been  the  subject  of  many  investigations,  and  a 
very  voluminous  literature  has  resulted.  In  spite  of  the  enormous  amount 
of  work  which  has  been  done  in  this  field  there  are  still  many  problems 
which  remain  to  be  solved.  One  of  these  is  the  question  as  to  whether  or 
not  the  peptide  linkage  is  the  only  important  grouping  joining  the  in- 
dividual amino  adds.  Theoretically  there  is  a  possibility  of  a  number 
of  other  linkages  in  which  reactive  groups  other  than  amino  or  carboxyl 
are  involved.  There  is  a  possibility  that  ethers  or  esters  are  present. 
The  a  hydrogen  on  the  indole  nucleus  is  so  reactive  that  it  appears  almost  in- 
conceivable that  it  does  not  sometimes  become  involved  in  the  reactions 
within  the  protein  molecule.  However,  none  of  these  modes  of  union  has 
been  demonstrated  in  protein  material.  The  only  form  of  linkage,  aside 
from  the  peptide  group,  which  has  been  demonstrated  is  the — S — S — 
linkage  in  cystine.  From  a  study  of  the  literature  it  appears  that  this 
is  the  principal  form  in  which  sulfur  occurs  in  the  protein  molecule.  The  ^ 
reduced  amino  acid  cystein,  SH— CHi— CH(NH2)COOH,  of  which 
cjrstine  is  the  disulfide,  has  never  been  proved  to  be  present,  as  such, 
in  protein  material.  Certain  physico-chemical  data,  however,  argue  for 
its  presence.  For  example,  casein  contains  about  0.80%  of  sulfur.  On 
the  theory  that  this  sulfur  represents  one  molecule  of  cystine  there  must 
be  present  two  atoms  of  sulfur  with  a  resulting  molecular  weight  of  8015 
for  the  casein  molecule.  We  have,  however,  good  physico-chemical  evidence 
that  the  molecular  weight  of  para-casein  is  approximately  4000,  in  which 
case  only  a  single  atom  of  sulfur  can  be  present  in  the  para-casein  mole- 
cule. Cystine  has  been  isolated  from  the  tryptic  digest  of  casein,  but  in 
view  of  the  readiness  with  which  cystein  can  be  oxidized  to  cystine  the 
presence  of  cystine  instead  of  cystein  in  the  casein  molecule  still  remains 
an  open  question. 

In  view  of  the  uncertain  knowledge  regarding  the  sulfur  linkages  in 
protein  it  appeared  wise  to  plan  an  extensive  investigation  in  this  field. 
The  present  paper  is  the  first  of  a  series  of  papers.  Experimental  work  on 
subsequent  papers  is  already  well  advanced. 

1  Published  with  the  approval  of  the  Director  as  Paper  No.  273,  Journal  Series, 
Minnesota  Agricultural  Experiment  Station.  Presented  before  the  Organic  Division 
of  the  American  Chemical  Society  at  the  New  York  Meeting,  September,  1921. 

'  Dr.  George  E.  Holm,  formerly  of  this  Division,  assisted  in  the  plan  of  the  exper- 
imental work.  ^ 
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Historical. 

The  Behavior  of  Cystine  and  Cystine  Sulfur  Towards  Chemical  Reagents  and  the 
Rdation  of  Cystine  to  the  Sulfur  Content  of  Proteins.— Pleitmann*  was  the  first  to  show 
that  the  sulfur  in  proteins  may  not  all  be  in  one  compound  or  composition.  He  found 
that  only  a  part  of  the  sulfur  was  removed  from  certain  proteins  when  heated  with  alkalL 
On  account  of  their  peculiar  behavior  and  their  similarity  to  cystine  and  taurine,  the 
sulfur  compounds  then  known  to  be  related  to  animal  metabolism,  he  called  the  two 
forms,  oxidized  and  unoxidited  sulfur.  Danielewski*  confirmed  Pleitmann's  observations 
and  later'  caUed  attention  to  the  fact  hat  this  peculiar  property  of  sulfur  in  proteins 
had  been  neglected  by  those  trymg  to  establish  formulas  for  proteins,  as  most  of  these 
were  made  on  the  basis  of  one  sulfur  atom.  Kruger*  was  the  fiost  to  produce  evidence 
that  the  terms  "oxidized"  and  "unoxidized"  sulfur  were  not  correct.  He  carefully 
determined  the  amounts  of  the  two  forms  of  sulfur  in  oval  bumin  and  fibrin  and  showed 
that  mercaptans  and  thio-ethers  behave  in  a  similar  manner  when  heated  with  alkali. 
But  he  also  observed  that  oxidized  sulfur  compounds  as  sulfonic  and  sntfinic  adds 
behave  quite  difiFerently  and  were  decomposed  under  the  same  treatment  giving  alkali 
sulfites.  For  this  reason  he  dropped  the  terms  oxidized  and  unoxidized  sulfur  and 
named  the  two  forms  loosely  and  firmly  bound  sulfur.  He  also  discusses  the  possible 
ways  in  wHch  the  sulfur  of  the  complex  that  is  split  off  is  bound,  and  how  the  remaining 
sulfur  could  unite  in  the  protein  molecule.  Goldman  and  Baumann'  were  able  to  remove 
68%  of  the  sulfur  of  cystine  as  lead  sulfide  when  cystine  was  heated  with  10%  sodium 
hydroxide  solution  in  the  presence  of  lead  acetate.  Suter*  also  studied  the  effects  of 
heating  proteins  with  sodium  hydroxide  and  noted  the  similarity  of  then*  behavior  to 
that  of  cystine  when  treated  in  the  same  manner.  When  he  increased  the  time  of  heat- 
ing he  obtained  as  high  as  83  %  of  the  sulfur  of  cystine  as  lead  sulfide.  Schulz*  reviewed 
the  work  of  these  investigators  and  said  the  lack  of  agreement  of  some  of  the  work  was 
due  to  the  fact  that  part  of  the  sulfur  was  oxidized  during  the  long  heating.  In  order  to 
avdd  this  he  added  zinc  to  the  sodium  hydroxide  solution  and  then  was  able  to  account 
for  only  53%  of  the  sulfur  in  cystine  after  heating  with  30%  sodium  hydroxide  for  25 
hours.  Osborne^**  used  Schultz's  method  of  determining  loosely  and  firmly  bound  sulfur 
in  an  endeavor  to  get  at  the  size  of  the  protein  molecule.  He  analyzed  a  large  number 
of  proteins  and  found  that  the  percentage  of  loosely  bound  sulfur  varied  frcmi  66%  in 
seralbumin  to  13%  in  casein. 

The  question  oonoeming  the  possible  forms  of  sulfur  in  proteins  is  one  of  importance. 
The  fact  that  all  the  sulfur  in  proteins  does  not  react  in  the  same  manner,  when  the 
protein  is  heated  with  sodium  hydroxide,  points  towards  the  sulfur  being  in  two  different 
combinations,  but  on  the  other  hand  pure  cystine  behaves  in  so  much  the  same  manner 
that  definite  proof  for  more  than  one  form  of  sulfur  is  not  established. 

Mdmer^^  attempted  to  answer  the  question  as  to  whether  the  sulfur  linkage  repre- 
sented by  cystine  is  the  only  one  to  be  dealt  with  in  proteins.  He  found  that  about  the 
same  percentage  of  sulfur  was  split  off  from  cjrstine  by  heating  with  alkali  as  was  obtained 
by  treating  hom,  hair,  serum  globulin  and  serum  albumin  under  identical  conditions. 

sFleitmann,  Ann.,  61,  121  (1847);  ibid.,  66,  380  (1848). 

«  Danielewski,  Z.  Chetn.,  5,  41  (1869). 

»  Danielewski,  Z.  pkysud.  Chetn.,  7,  427  (1883). 

•  Krflger,  PfiUger's  Arch.,  43,  244  (1888). 

7  Goldmann  and  Baumann,  Z.  physiol.  Chem.,  12,  254  (1888). 

•  Suter,  ibid.,  20,  664  (1895). 

•  Schulz,  ibid.,  25,  16  (1898). 

^«  Osborne,  Report  Conn.  Agr.  Exp.  Sta.,  1900,  p.  443. 
»»  M6mer.  Z.  physiol.  Chem.,  34,  207  (1901). 
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Also,  in  solutions  from  which  csrstine  had  been  separated  he  found  a  considerable  amount 
of  sulfur  which  behaved  in  a  manner  similar  to  cystine  when  treated  with  alkali,  but  this 
substance  was  not  definitely  identified.  Prom  the  experimental  results  Mdmer  cal- 
culated the  percentage  of  cs^tine  in  these  proteins  and  accounted  for  almost  aU  of  the 
sulfur  as  being  in  the  form  of  cystine.  As  he  could  account  for  only  a  small  amount  of 
the  sulfur  in  the  membranes  of  eggs,  ovalbumin  and  fibrinogen  as  csrstine,  he  concluded 
that  the  sulfur  of  these  proteins  must  be  present  in  other  forms.  As  confirmation 
of  this  idea  he  observed  that  about  Vi  of  the  sulfur  was  lost  by  the  volatilization  of  a 
sulfur  compound.  He  did  not  identify  this  but  said  that  it  is  possible  that  Vs  of  the 
sulfur  was  present  in  the  form  of  a  vi>latile  substance  and  that  it  is  not  impossible  that 
sulfur  of  these  proteins  is  bound  in  3  forms. 

The  fact  that  the  amount  of  sulfur  split  6ff  by  alkali  differs  considerably  in  the 
proteins  examined  also  points  towards  different  sulfur  forms.  Osbome^^  as  noted 
above,  obtained  from  13%  to  66%  of  the  sulfur,  in  various  proteins,  as  the  sulfide,  by 
boiling  with  sodium  hydroxide.  Suter*  by  heating  cjrstine  for  9  hotns  was  able  to  split 
off  60%  of  the  sulfur,  while  by  heating  hair  under  the  same  conditions  for  15  hours,  98.8% 
of  the  sulfur  was  split  off.  Pick"  made  the  interesting  observation  that  the  albtuninoses 
prepared  from  fibrin  gave  up  the  whole  of  their  sulfur  as  hydrogen  sulfide.  He  con- 
cludes that  the  sulfur  must  not  be  present  in  the  form  of  cystine.  While  working  with 
koHin,^*  Hofmann  and  Pregl^^  observed  that  when  this  protein  was  digested  with  alkali 
and  lead  acetate,  lead  sulfide  was  formed.  They  were  unable  to  isolate  csrstine  from  the 
hydidytic  products.  Buchtala,^*  however,  later  isolated  0.5  g.  of  pure  cystine  from 
100  g.  of  koilin. 

Johnson^  criticizes  the  fact  that  much  stress  is  still  laid  on  the  fact  that  cystine 
sulfur  and  protein  sulfur  react  similarly  when  heated  with  alkali  and  consequently  the 
conduaon  is  accepted  that  cystine  is  the  source  of  the  loosely  bound  sulfur  in  these 
natural  substances,  and  also  that  investigation  has  been  focused  almost  exclusively  on 
the  cystine  molecule  and  no  careful  consideration  has  been  given  to  the  possibility  that 
there  may  be  other  unstable  sulfur  groupings  in  some  proteins,  which  on  hydrolsrsis 
can  break  down,  giving  hydrogen  sulfide.  In  regard  to  this  he  states,  "The  fact 
that  cystine  behaves  like  a  sulfur  protein  when  heated  with  alkali,  or  that  other  primary 
sulfur  cleavage  products  have  not  been  isolated,  does  not  preclude  the  possibility  of 
there  being  other  sulfur  combinations  which  can  disintegrate  to  give  hydrogen  sulfide. 
This  assumption  is  worthy  of  some  consideration  and  cannot  be  excluded  from  the  dis- 
Gnssion  of  this  important  question.  It  is  not  inconceivable  that  in  the  digestion  of 
proteins  with  alkalies  and  adds,  there  may  be  atomic  displacements  involving  the  re- 
moval of  unsaturated  sulfur  as  in  —  C^S,  which  can  even  occur  before  the  deavage  of 
the  protein  itself  and  the  liberation  of  the  cystine  molecule."  In  summing  up  his  dis- 
cussion of  the  work  done  on  the  sulfur  linkages  in  proteins,  he  states,  "It  therefore  ap- 
pears probable  from  a  consideration  of  the  above  evidence  that  there  are  other  sulf ur 
combinations  in  proteins  besides  the  C3rstine  group  which  can  break  down,  on  hydrolysis, 
with  the  formation  of  hydrogen  sulfide." 

Van  Slyke^^  found  that  C3rstine  was  destroyed  or  altered  during  hydrolsrsis  with 
hydrochloric  add.  He  determined  the.  amount  not  destroyed  by  predpitating  it  with 
I^iosphotungstic  add  and  found  that  after  cjrstine  was  boiled  with  20%  hydrochloric 

»  Pk^,  Z.  i^ysiol.  Chem.,  28,  219  (1899). 

'*  The  homy  keratin-like  lining  of  the  gizzards  of  fowls. 

>«  Hoftnann  and  Pregl,  Z.  pkysiol  Chem.,  52,  448  (1907).. 

»  Buchtala,  ibid.,  69,  310  (1910). 

>•  Johnson,  /.  Biol.  Chem.,  9,  439  (1911). 

"  Van  Slyke,  ihid.,  10,  15  (1911). 
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acid^for  24  hours  only  50%  was  precipitated  by  phosphotungstic  add.  He  states* 
"It  appears  possible  that  the  cystine  is  partially  destroyed  during  the  hydrolysis.  The 
results  show  that  this  is  the  case, — the  cystine  is  gradually  altered  during  the  hydrolysis, 
into  a  substance  or  substances  which  are  not  precipitated  by  phosphotungstic  add." 

Plimmer"  finds  that  cystine  is  decomposed  by  prolonged  boiling  with  add.  In 
preparing  cystine  from  wool  or  hair  he  obtained  the  best  yidd  by  boiling  the  material* 
with  cone,  hydrochloric  add  for  3-4  hours.  The  yidd  was  very  poor  when  the  material 
is  boiled  for  5-8  hours.  He  also  fotmd  a  loss  when  cystine  was  purified  by  boiling  with 
charcoal  in  an  add  solution  and  if  boiled  for  a  long  time  in  dilute  add  it  became  yellow 
or  yellow-brown  in  color.  He  fmiJier  states,  "Cystine  is  much  more  unstable  to  add 
than  one  is  le<)Ko  expect  from  the  description  of  its  isolation." 

Gortner  and  Holm^'  fotmd  that  cystine,  when  mixed  with  a  number  of  other  amino 
acids,  both  with  and  without  the  addition  of  formaldehyde,  and  boiled  with  20%  hydro- 
chloric add  for  24  hours,  was  very  slightly  deaminized.  Their  results  show  that  if  all 
of  the  ammonia  nitrogen  was  calculated  as  being  derived  from  the  cystine,  only  about 
2.7%  of  the  cystine  amino  nitrogen  has  been  changed  to  ammonia  nitrogen.  They  state, 
"Cystine  was  not  readily  deaminized  xmder  the  conditions  of  the  experiment." 

The  Crystal  Form  of  Cystine  as  Influenced  by  Chemical  Treatment — ^Mdmer^^ 
noted  that  the  crystals  of  cystine  were  different  when  horn  was  hydrolyzed  for  different 
lengths  of  time.  When  horn  was  heated  for  one  week  with  hydrochloric  add,  he  obtained 
the  typical  hexagonal  plates  which  have  strong  optical  rotation.  When  he  heated  the 
horn  for  2  weeks  he  obtained  very  few  hexagonal  plates,  the  greater  part  crystallizing 
in  needles  which  were  optically  almost  inactive.  He  describes  these  as  being  long  needles 
or  long,  very  thin  or  narrow,  pointed  plates  which  often  accumulated  in  groups.  Some 
resemble  tyrosine  while  others  are  like  small  dust  partides.  He  also  states  that  some 
appeared  as  thin  plates  of  rhombic  form,  perhaps  with  the  sharp  comers  cut  off.  Momer 
was  not  able  to  prepare  this  substance  pure,  inasmuch  as  his  preparation  always  con- 
tained some  of  the  hexagonal  plates.  He  found  no  difference  in  the  reaction  of  the  two 
forms  with  adds  and  alkalies.  The  needle  cystine  was  more  soluble  in  cold  water  than 
the  plate  cystine  and  was  more  soluble  in  hot  water  than  in  cold  water.  Both  gave 
lead  sulfide  when  heated  with  alkali  and  lead  acetate. 

Rothera'^  when  preparing  cystine  found,  as  did  Mdmer,  that  needles  were  present 
with  the  plates  and  the  quantity  of  needles  increased  with  the  length  of  hydrolysis. 
He  foimd  no  difference  in  the  yidd  of  cystine  if  the  hydrolysate  was  boiled  for  18  or 
180  hours.  He  states,  "The  first  recrystallization  showed  tyrosine-like  crystals  but 
after  the  second,  the  crystals  resemble  ledthin  spheres.  They  give  the  cystine  color 
tests  and  the  required  sulfur  and  nitrogen  content."  Neuberg  and  Mayer''  state  that 
boiling  sulfuric  add  decomposes  cystine  much  more  readily  than  does  hydrochloric  add. 

Neuberg  and  Mayer'*  heated  "stone"  cystine  with  hydrochloric  add  in  a  sealed 
tube  at  165°  for  14  hours.  The  resulting  product  was  optically  inactive  and  formed 
a  white  amorphous  powder.  In  another  artide"  they  state  that  when  protein  cystine 
is  treated  as  above,  an  inactive,  needle-like,  crystalline  substance  is  obtained.  In  this 
artide  they  compare  the  active  and  inactive  protein  cystine  and  find  them  quite  different 
They  give  the  possibilities  of  this  inactive  cystine  bdng  either  a  meso-cystine  or  a 
racemic  mixture. 


"Plimmer,  Biochem.  /.,  7,  311  (1913). 

»»  Gortner  and  Hohn,  This  Journai,,  42,  821  (1920). 

»  Mdmer,  Z.  physiol.  Chem.,  28,  595  (1899). 

"  Rothera,  /.  plysiol.,  32,  175  (1905). 

"  Neuberg  and  Mayer,  Z.  physiol.  Chem,,  44,  98  (1905). 

»  Ref  22,  p.  472. 
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r-cystiiie.  meso-csrstine. 

They  were  able  to  prepare  the  inactive  C3rstein  from  the  inactive  cystine.  This  was 
completely  inactive  and  analjrzed  for  cystein.  They  grew  AspcrgUlus  niger  on  some  of 
the  inactive  cjrstine  and  obtained  a  C3rstine  that  was  dextrorotatory.  It  was  suggested 
that  this  method  might  be  used  to  prepare  pure  d-cyatine.  To  quote  them  concerning 
the  oystal  form  of  this  preparation:  "It  is  noteworthy  that  our  purest  d-cystine 
(tain  a  +S3.78^)  forms  microscopical  six-sided  plates  as  well  as  needles.  The 
theory  required  that  d  and  /  Cjrstine  should  be  enantiomorphic." 

The  Synthesis  of  Cystine. — ^Erlenmeyer'^  synthesized  cjrstine  from  benzoyl  serin 
ester.  He  does  not  state  whether  the*  material  was  completely  inactive  nor  does  he 
note  the  aystalline  form.  Erlenmeyer  and  Stoop*  again  prepared  cystine  from  benzoyl 
serin  ester  and  phosphorus  pentasulfide.  They  first  obtained  cystein  which  they  oxi- 
dized to  cystine.  In  r^^ard  to  the  yield  and  description  of  the  product,  they  state, 
"Thus  one  obtains  cystine  in  a  40%  yield  as  a  granular  microcrystalline  powder. 
After  repeated  solution  in  ammonia  and  reprecipitation  by  acetic  add  the  cystine  is 
pure  and  forms  steUate  groups  of  needles.  The  only  difference  between  the  synthetic 
and  the  natural  product  is  that  the  solution  of  the  former  does  not  show  optical  rotation. 
A  solution  of  0. 5  g.  of  the  ssmthetic  cjrstine  in  hydrochloric  add  in  a  2dcm.  tube  gave 
no  rotation  of  the  polarized  light." 

Fischer  and  Raske*  prepared  d-l-cystint  from  (i-l-a-amino-/3-chloro-propionic 
add  and  describe  it  thus:  "After  some  time  the  cystine  separated  as  a  coloriess  mass  of 
very  tiny  oystals,  which  under  the  microscope  appeared  on  first  glance  to  be  more  or 
less  spherical  masses  but  which  were  resolved  into  needles  or  very  thin  prisms."  The 
analysis  of  this  preparation  agreed  quite  well  with  that  of  plate  cystine.  They  also 
prepared  the  l-cystine  from  l-a-amino-/3-chloro-propionic  add.  This  preparation  was 
optically  active  [a fi? =209.6°  =fc  1*.  Their  analyses  show  this  to  be  identical  in  chem- 
ical composition  with  plate  C3rstine.  Concerning  the  crystalline  form  of  this  prepa- 
ration, they  state:  "Our  ssmthetic  product  has  a  very  dififerent  cr3rstal  form,  the  prepa- 
lation  predpitated  from  an  ammoniacal  solution  with  acetic  add  forms  microscc^ic 
tiay,  apparently  ri^t-an^ed,  prisms  or  perhaps  many-faced  crystals." 

It  is  interesting  to  note  that  cystine  crystallizing  in  hexagonal  plates  has  never  been 
synthesized  and  in  view  of  Neuberg  and  Mayer's*'  experiments,  the  question  arises  as  to 
whether  the  cystine  actually  synthesized  may  not  be  "stone"  cjrstine,  providing  that 
"stone"  cystine  actually  does  differ  from  "protein"  cystine. 

»« Erlenmeyer.  Ber.,  36,  2720  (1903). 

*  Erienmeyer  and  Stoop,  Ann.,  337,  236  (1904). 

»  Fischer  and  Raske,  Ber„  41,  893  (1908). 
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Experimental. 

The  Problem. — In  view  of  the  varied  opinions  referred  to  under 
"Historical,"  it  seemed  desirable  to  test  the  effect  of  prolonged  boiling 
with  hydrochloric  acid  on  cystine  with  special  reference  to  the  behavior 
of  cystine  in  a  protein  hydrolysis.  Many  investigators  appear  to  believe 
that  cystine  is  destroyed  either  in  whole  or  in  part  during  acid  hydrolysis. 
This  idea  is  upheld  by  the  work  of  Van  Slyke^^  and  Plimmer.^'  Gortner 
and  Holm^^  show,  however,  that  in  a  mixture  of  pure  amino  acids,  cystine 
is  not  easily  de-aminized  dtuing  acid  hydrolysis.  From  the  work  of 
Momer,^**  Rothera^^  and  Neuberg  and  Mayer**  it  seems  probable  that 
cystine  may  be  completely  changed  to  an  isomeric  cystine  during  long 
acid  hydrolysis.  As  most  of  the  work  carried  out  to  study  the  effects  of 
acid  hydrolysis  has  been  done  on  proteins  and  since  the  relation  of  the 
cystine  content  to  the  sulftu-  content  is  still  imcertain,  it  seemed  desirable 
to  carry  out  a  prolonged  acid  hydrolysis  on  cystine  alone,  and  follow  the 
possible  types  of  decomposition  by  analysis  after  boiling  for  different 
lengths  of  time. 

There  are  several  possible  changes,  one  or  more  of  which  might  take 
place  when  cystine  is  boiled  for  a  long  time  with  hydrochloric  acid.  Several 
of  the  most  probable  were  followed 'by  removing  aliquots  at  definite 
intervals  and  performing  certain  analyses.  The  possible  changes  followed 
during  the  boiling  were:  (1)  the  loss  of  carbon  dioxide  which  might  be 
formed  by  decarboxylation;  (2)  the  loss  of  hydrogen  sulfide  which  might 
result  from  a  splitting  of  the  — S — S —  union  and  a  subsequent  evolution 
of  hydrogen  sulfide;  (3)  some  of  the  sulfur  might  be  oxidized  to  sulfate; 
(4)  a  loss  of  total  sulfur  in  the  hydrolysate  due  to  the  formation  of  volatile 
sulfur  compounds;  (5)  the  amount  of  unoxidized  sulfur  as  determined  by 
the  potassium  bromate  method  of  Okuda;*^  (6)  the  amount  of 
nitrogen  precipitated  by  phosphotimgstic  acid;  (7)  the  amoimt  of  total 
nitrogen,  which  might  be  altered  by  the  evolution  of  elementary  nitrogen 
or  the  formation  of  volatile  nitrogen-containing  substances;  (8)  the  amoimt 
of  amino  nitrogen,  which  might  decrease  due  to  deaminization;  (9)  the 
formation  of  ammonia  nitrogen  as  a  result  of  deaminization;  (10)  the  spe- 
cific rotation  of  the  acid  solution  of  cystine;  (11)  the  isolation  of  the  organic 
compounds  present  in  the  solution  after  the  prolonged  boiling  and  the 
comparison  of  their  properties  with  those  of  cystine,  in  order  to  determine 
the  extent  and  direction  of  the  decomposition  or  alteration  of  cystine  under 
the  conditions  of  the  experiment. 

The  Material. — For  an  experiment  of  this  type,  a  large  amoimt  of 
cystine  is  required.  After  several  methods  had  been  tried,  a  slight  modi- 
fication of  Folin's  method*^  was  used. 

Human  hair  or  wool  (human  hair,  which  can  be  obtained  without  difficulty  at 
ahnost  any  barber  shop,  is  preferable)  is  washed  in  cold  dilute  (1%  or  2%)  sodium 

»  FoUn,  /.  Biol  Chetn.,  8,  9  (1910). 
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carbonate  solution  and  dried.  This  washing  is  to  remove  the  natural  oils  from  the  hair. 
Two  kg.  of  the  dry,  washed  hair  is  pushed  into  a  6-liter  Pyrexfla^  (rotmd-bottom  pref- 
erable) and  4  liters  of  constant  boiling  (20%)  hydrochloric  add  is  added.  In  order 
to  get  some  of  the  acid  quickly  to  the  bottom  of  the  flask,  part  of  the  acid  may  be  added 
first,  then  the  hair,  and  finally  the  remaining  acid.  It  is  sometimes  convenient  to  heat 
the  add  and  dissolve  a  part  of  the  hair  before  all  is  added.  The  hair  is  hydrolyzed  by 
boiling  the  contents  of  the  flask  over  a  free  flame  or  better  on  a  sand-bath;  or  by  heating 
on  a  steam-bath  until  the  biuret  reaction  is  entirely  negative.  This  is  negative  after 
boiling  for  about  4  hours  or  heating  on  a  steam-bath  for  5-6  days.  A  reflux  condenser 
should  be  used  if  the  hydrolysate  is  boiled  but  if  the  steam-bath  method  is  employed 
an  air  condenser  is  equally  effident.  The  flask  is  then  removed  from  the  steam-bath 
and  the  solution  of  amino  adds  almost  neutralized  with  cone,  sodium  hydroxide  (com- 
mercial 98%)  solution  and  then  sodium  acetate  solution  is  added  tmtil  the  congo  red 
test  for  mineral  adds  is  entirdy  negative.  Care  must  be  taken  not  to  make  the  solution 
alkaline  with  sodium  hydroxide.  After  standing  for  48  to  72  hours  at  room  temperature, 
the  liquid  is  filtered  from  the  predpitated  cystine.  This  can  be  best  accomplished  on  a 
Buchner  ftmnd,  using  suction.  The  crude  material,  containing  in  addition  to  the  cystine 
some  "htmiin,"  melanin  and  tsrrosine,  is  dissolved  in  3%  hydrochloric  add  and  com- 
pletely decolorized  with  a  vegetable  decolorizing  carbon  or  with  good  bone-black  which 
has  been  completdy  freed  from  caldum  phosphate  by  boiling  with  hydrochloric  add 
and  washing  with  cold  water.  The  filtrate  after  decolorizing  should  be  water  dear  or 
at  the  most  only  a  faint  straw  color.  If  it  shows  much  color  the  treatment  with  de- 
colorizing carbon  should  be  repeated.  The  cystine  is  precipitated  from  this  dear  solu- 
tion using  first  sodium  hydroxide  to  weakly  acid  reaction  followed  by  soditun  acetate. 
After  standing  for  at  least  6  hom^,  the  cystine  is  filtered  off  and  washed  with  hot  water, 
which  will  remove  the  last  traces  of  tyrosine. 

By  this  method,  with  very  little  work,  the  tjrpical,  colorless,  hexagonal 
plates  of  cystine  are  obtained.  With  human  hair  the  yield  is  about  100  g., 
or  5%. 

The  Methods. — For  carrying  out  a  study  as  outlined  above,  an 
apparatus  as  shown  in  Fig.  1,  was  used. 


Fig.  1. 

A'  is  an  empty  wash  bottle  connected  to  A  by  means  of  a  glass  tube'reaching  from 
the  bottom  of  A'  to  the  bottom  of  A.    This  serves  as  a  trap  in  case  of  back  pressure. 

A  is  a  wash  bottle  containing  lead  acetate  to  remove  any  traces  of  hydrogen  sulfide 
In  the  air. 

B'  is^  trap  to  B  connected  as  A'  and  A. 

B  is  a  wash  botde  containing  50%  potassium  hydroxide  solution  to  remove  the 
carbon  dioxide  from  the  air. 
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C  is  an  absorption  tower  as  described  by  Tniog'*  excepting  that  a  round-bottom 
flask  is  used.  This  contained  a  saturated  solution  of  barium  hydroxide  and  was  i^aced  in 
the  series  as  B  alone  did  not  remove  all  of  the  carbon  dioxide  from  the  air. 

D'  is  a  trap  to  D  connected  as  A'  and  A. 

D  is  a  wash  bottle  containing  20%  hydrochloric  add  to  remove  any  ammonia 
from  the  air  and  to  wash  the  air  before  it  was  drawn  into  flask  E. 

E  is  a  round-bottom,  2-liter  flask  in  which  the  hydrochloric  add  and  C3rstine  were 
placed  during  the  boiling.  The  flask  was  placed  on  a  sand-batii  and  heated  by  means 
of  an  dectric  hot-plate. 

F  is  a  water-cooled  condenser. 

G  is  an  absorption  tower  containing  cadmium  sulfate.  This  absorbs  the  hydrogen 
sulfide  drawn  through  by  the  air. 

H  is  another  absorption  tower  containing  barium  h3rdroxide.  This  absorbs  the 
carbon  dioxide  as  it  is  drawn  through  by  the  air. 

K  is  a  tube  containing  soda  lime  to  prevent  carbon  dioxide  from  entering  Ihe 
apparatus. 

To  50  g.  of  cystine  (97.5%  pure,  containing  2.5%  of  ash  and  moisture) 
enough  constant-boiling  hydrochloric  acid  was  added  to  make  a  total 
volume  of  1000  cc.  This  was  placed  in  flask  E  and  the  flask  and  contents 
weighed  to  0.01  g.  on  a  large  analytical  balance  (sensitive  to  1  mg.  and 
having  a  capacity  of  1500  g.).  The  flask  was  connected  as  shown  in  Fig.  1, 
the  cadmium  sulfate  placed  in  Tower  G  and  the  apparatus  washed  free 
from  carbon  dioxide  by  drawing  carbon  dioxide-free  air  through  it  for  a 
few  minutes.  The  barium  hydroxide  was  then  placed  in  Tower  H. 
Washed  air  was  drawn  through  the  apparatus  by  means  of  a  water  pump. 
The  rate  was  very  slow  until  just  before  the  aliquot  was  removed;  then  the 
flow  of  air  was  increased  so  that  all  of  the  carbon  dioxide  and  hydrogen 
sulfide  might  be  washed  out  in  a  short  time.  After  the  solution  had 
boiled  for  3  hours  and  the  carbon  dioxide  and  hydrogen  sulfide  had  been 
washed  out  of  the  apparatus,  the  solutions  in  Towers  G  and  H  were  titrated 
as  described  below.  The  flask  E  was  disconnected,  the  contents  cooled 
to  room  temperature  and  made  up  to  the  original  weight  with  20%  hydro- 
chloric acid.  A  50cc.  aliquot,  containing  2.5  g.  of  the  original  cystine  or 
2.4375  g.  of  piu-e  cystine,  was  removed  and  made  up  to  250  cc,  this  being 
used  in  subsequent  analyses.  The  flask  and  contents  were  again  weighed 
and  the  process  repeated.  Aliquots  were  removed  at  the  end  of  3,  6, 
12,  24,  48,  96,  144  and  192  hours  and  the  samples  numbered  3,  6,  12,  etc. 

The  following  methods  were  used  in  the  analysis  of  the  samples  re- 
moved at  the  different  intervals. 

1.  Carbon  dioxide.  This  was  determined  by  placing  25  cc.  (or  50  cc.  in  the 
last  two  determinations,  144  and  192  hours)  of  approximatdy  0.125  N  barium 
hydroxide  in  Tower  H.  After  the  heating  was  discontinued  and  the  apparatus 
washed  free  from  carbon  dioxide,  the  remaining  barium  hydroxide  was  titrated  with 
hydrochloric  add,  using  phenolphthalein  as  an  indicator.    'As  the  strength  of  the  barium 

«  Truog.  /.  Ind,  Eng,  Chetn.,  7,  1046  (1916). 

Digitized  by  LjOOQ IC 


SULlfUR  IN  PROTBlNS.     1.  349 

hydroxide  was  knowti  in  terms  of  the  standard  add,  the  amount  of  carbon  dioxide  was 
calculated  from  the  difference  in  the  amotmts  of  add  used. 

2.  Hydrogen  sulfide.  The  principle  of  this  determination  is  described  by  Scott. '• 
It  i^  based  on  the  fact  that  when  hydrogen  sulfide  comes  in  contact  with  a  solution  of 
cadmium  sulfate,  the  following  reaction  takes  place, 

CdS04  +  HtS = CdS  +  H.S04. 
The  sulfuric  add  thus  fonned  is  titrated  with  a  standard  alkali.  For  this  determination 
a  solution  of  cadmium  sulfate  containing  24  g.  per  liter  was  neutralized  with  sodium 
hydroxide,  using  sodium  alizarine  sulfonate  as  an  indicator  Twenty-five  cc.  of  this 
solution  Tor  50  cc.  in  the  last  three  determinations,  96«  144  and  192  hours), 
was  placed  in  Tower  G.  This  tower  was  removed  as  described  for  Tower  H 
and  the  sulfuric  add  formed  was  titrated.  In  order  to  determine  the  amotmt  of  the 
addity  due  to  hydrochloric  add  whidi  may  have  been  aspirated  over  into  the  cadmitun 
sulfate  solution  from  the  constant-boiling  hydrochloric  add,  the  solution  after  neutral- 
ization was  titrated  with  standard  silver  nitrate  solution,  using  potassium  chromate  as 
an  indicator.  In  no  instance  was  there  an  appreciable  amount  of  hydrodiloric  add 
present. 

3.  The  sulfur  that  might  be  present  in  the  sulfate  form  was  determined  by  adding 
a  small  amount  of  cone,  hydrochloric  acid  to  20  cc.  of  the  solution  and  heating  to  boiling. 
Five  cc.  of  10%  barium  chloride  was  slowly  added  and  the  barium  sulfate  wdghed  in  the 
usual  manner.  From  the  wdght  of  barium  sulfate  the  amount  of  sulfate  stdfur  was 
calculated. 

4.  Total  sulfur  was  determined  in  10  cc.  of  the  solution  by  oxidizing  to  sulfate 
with  10  cc.  of  the  oxidizing  reagent  described  by  Denis. '°  The  solution  of  cystine  and 
oxidizing  agent  is  evaporated  to  dryness  on  a  steam-bath,  ignited  at  red  heat  for  10 
minutes,  cooled  and  the  residue  dissolved  with  hot  10%  hydrochloric  add.  The  sulfate 
was  predpitated  out  of  the  boiling  solution  by  means  of  barium  chloride  and  the  sulfur 
calculated  from  the  amount  of  barium  sulfate  formed. 

5.  The  amount  of  cystine  present  as  determined  by  the  potassium  bromate  method 
was  carried  out  as  described  by  Okuda,'^  according  to  the  equations 

SNaBr  +  KBrOi  -f  6HCl«6NaCl  +  KCl  +  3H,0  -f  6Br. 
HOOC— CH     (NH,)— CH, — S— S— CH,— CH(NH,)  —  COOH  +  lOBr  -f  6H,0  = 
2{SO,H— CHjCH  (NH,)— COOH)  -f  lOHBr. 

To  10  cc.  <tf  the  cystine  solution,  enough  hydrochloric  add  is  added  to  make  a  5  to  10% 
solution.  To  this,  10  cc.  of  20%  sodium  bromide  solution  is  added  and  the  solution 
titrated  with  0.05  N  potassium  bromate  solution,  the  end-point  being  the  first  faint 
yellow  color  (free  bromine)  that  persists  for  one  minute.  One  cc.  of  the  sodium  bromate 
solution  is  equivalent  to  0.00721  g.  of  cystine.  When  this  method  was  used  on  pure 
cystine  the  results  checked  with  the  sulfur  and  nitrogen  detemtfliations. 

6.  The  amount  of  nitrogen  not  predpitated  by  phosphotungstic  acid  was  deter- 
mined by  the  method  previously  used  by  Van  Slyke. ^'  Ten  cc.  of  the  solution  was  placed 
in  a  lOOcc.  volumetric  flask,  10  cc.  of  cone,  hydrochloric  add  and  5  g.  of  phosphotungstic 
add  were  added  and  the  solution  was  made  up  to  volume.  After  the  phosphotungstic 
add  had  dissolved,  the  flask  was  placed  in  a  refrigerator  for  24  hours.  The  supernatant 
liquid  was  then  carefully  decanted  through  a  dry  filter  and  the  amotmt  of  nitrogen  in  an 
aliquot  from  the  filtrate  was  determined  by  the  Kjddahl  method,  and,  as  the  amount 

»  Scott,  "Standard  Methods  of  Chemical  Analysis,"  D.  Van  Nostrand  Co.,  New 
York,  2nd  Hd.,  pp.  39^-403. 

»  Denis.  /.  Bid.  Chem.,  8,  401  (1910). 

"  Okuda,  /.  CoU,  Agr.  Imp.  Univ.  Tokyo,  7,  No.  1,  69  (1919). 
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of  total  nitrogen  tn  100  oc.  was  known,  the  difference  represented  the  amount 
of  nitrogen  in  the  precipitate. 

7.  Total  nitrogen  was  determined  by  the  Kjddahl  method. 

8.  Amino  nitrogen  was  determined  by  the  Van  Slyke  apparatus"  for  determining 
amino  nitrogen. 

9.  Ammonia  nitrogen  was  determined  on  a  20oc.  portion  of  the  solution.  This  was 
placed  in  a  distilling  flask  with  100  cc  of  water  and  the  solution  made  silently  alkaline 
with  calcium  hydroxide;  100  oc  of  alcohol  was  added  and  the  ammonia  distilled  at 
40-45  ^  under  reduced  pressure,  into  standard  sulfuric  add. 

10.  The  spedfic  ratation  of  the  add  solution  was  determined  by  means  of  a  high 
grade  Sdmiidt  and  Haensdi  polarisoope. 

The  Experbnent.1  Data. 

A.  The  Decomposition  of  Cystine  on  Boiling  with  20%  Hydrochloric 
Acid  for  Various  Lengths  of  Time.  The  Hydrolysis. — ^When  heating 
began  the  cystine  hydrochloride  was  not  all  in  solution,  but  at  the  end  of 
3  hours'  boiling  the  cystine  hydrochloride  had  completely  dissolved. 
Very  little  change  in  appearance  was  observed  during  the  first  12  hoiu^ 
except  that  the  color  of  the  solution  became  somewhat  yellow  and  a  small 
amotmt  of  sulfur  crystallized  on  the  neck  of  the  flask.  After  24  hours  the 
solution  was  deep  yellow,  a  flocculent  precipitate  began  to  separate  and  a 
considerable  amotmt  of  sulfur  had  crystallized  on  the  neck  of  the  flask  and 
in  the  condenser  tube.  At  48  hours  a  very  pungent  odor  was  noticed 
when  the  flask  was  opened:  the  solution  was  yellow-brown  in  color  and  a 
white  substance  was  deposited  on  the  lower  part  of  the  flask  or  else  a 
substance  was  formed  during  the  boiling  that  had  etched  the  glass.  During 
48  to  144  hours  the  solution  became  darker  and  murky,  the  amount  of 
flocculent  precipitate  increased  and  some  of  the  sulfur  in  the  condenser 
washed  back  into  the  flask.  At  the  end  of  the  boiling  the  solution  was  a 
dirty  brown  color  and  gave  off  a  very  pungent,  irritating  odor.  The 
lower  part  of  the  flask  was  covered  with  a  white,  insoluble  substance  or 
was  etched  so  as  to  be  perfectly  opaque. 

It  was  of  interest  to  note  that  cystine  when  boiled  with  acid  for  a  long 
time  deposits  sulfur  on  the  neck  of  the  flask  and  in  the  condenser,  as  do 
proteins  when  treated  in  a  similar  manner.  Momer^^  found  that  when 
horn  was  hydrolyzed  with  hydrochloric  acid  for  a  short  time  little  or  no 
free  sulftu  was  formed,  but  when  the  heating  was  continued  for  a  long 
time,  a  not  inconsiderable  amount  of  sulfur  separated.  Buchtala** 
observed  that  some  proteins  when  hydrolyzed  deposited  sulfur,  while 
others  did  not. 

The  Carbon  Dioxide  Determinations, — ^The  analytical  data  are  shown 

in. Table  I.    From  the  results  given  in  this  table,  it  is  evident  that  very 

little   decarboxylation    takes   place.    The  carbon  dioxide  undoubtedly 

comes  from  the  slow  decomposition  of  cystine  and  not  from  a  change  in  the 

»« Van  Sbrke,  /.  Bid.  Chem.,  9,  185  (1911). 
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C3r5tme  molecule.  The  large  amount  given  o£F  at  the  end  of  the  first  3 
hours  may  be  due  to  the  acid  solution  of  cystine  containing  dissolved 
carbon  dioxide,  since  it  was  not  boiled  before  the  experiment  was  started. 

The  Sulfur  DeterminaHons. — ^The  amount  of  sulfur  given  off  as  hydrogen 
sulfide  is  shown  in  Table  II.  This  table  shows  that  only  a  small  amount  - 
of  the  sulfur  is  evolved  as  hydrogen  sulfide  during  the  prolonged  boiling 
with  add.  Here,  as  in  the  carbon  dioxide  determination,  the  only  source 
of  error  is  that  a  volatile  add  may  have  been  formed  that  would  be  ab- 
sorbed by  the  cadmium  sulfate  and  titrated  as  sulfuric  add.  There  is 
proof,  however,  that  hydrogen  sulfide  was  formed,  for  the  characteristic 
ydlow  predpitajte  of  cadmium  sulfide  was  produced  in  a  not  inconaderable 
quantity.  The  amount  of  hydrogen  sulfide  given  off,  like  the  amount  of 
carbon  dioxide,  does  not  point  toward  any  changes  in  the  cystine  molecule 
but  toward  a  slow  decomposition  of  the  cystine.  M5mer*^  observed  that 
when  keratin  was  heated  with  hydrochloric  add,  for  a  long  time,  hydrogen 
sulfide  was  evolved. 

The  results  for  the  sulfur  oxidized  to  sulfate,  Table  II,  show  that  appar- 
ently a  very  small  amount  of  sulfate  is  present  and  that  the  amount  is 
constant  during  the  hydrolysis.  This  indicates  that  no  appreciable  oxida- 
tion of  sulfur  to  sulfate  has  taken  place  and  that  the  substance  weighed  as 
barium  sulfate  is  probably  the  ash  contained  in  the  original  cystine.  The 
amount  is  so  small  that  it  can  be  disregarded. 

The  amount  of  total  sulfur  serves  as  a  check  on  the  amount  of  sulfur  in 
the  solution  but  does  not  show  the  amount  of  cystine.  Some  dementary 
sulfur  was  deposited  on  the  neck  of  the  flask  and  in  the  condenser  tube. 
In  the  earlier  aliquots  this  would  not  be  accounted  for  in  the  "total  sulfur" 
figures.  This  sulfur  later  washed  down  and  increased  the  total  sulfur 
values  in  later  determinations.  The  results  in  Table  II  show  that  the 
amount  of  total  sulfur  decreases  until  144  hours  and  then  increases.  As 
already  stated,  the  sulfur  on  the  nedc  of  the  flask  and  on  the  condenser 
tube  washed  down  so  that  practically  none  was  left  at  the  end  of  192  hours. 
It  is  also  noted  that,  at  the  end  of  the  experiment  or  192  hours,  17.5  g.  of 
the  cystine  had  been  removed,  so  that  part  of  the  sulfur  which  washed 
back  into  the  flask  came  from  the  cystine  in  the  aliquots  that  had  been 
removed  from  the  flask.  There  was  a  possibility  that  the  flocculent 
predpitate,  noted  above,  might  contain  some  sulfur.  This  was  confirmed 
by  subsequent  analysis,  as  a  sulfur  determination  made  on  the  144-hour 
aUquot  after  the  predpitate  had  settled,  showed  that  the  sulfur  content  of 
the  filtrate  alone  was  0.4%  lower  than  when  determined  on  the  solution 
containing  the  flocculent  predpitate.  This  shows  that  some  of  the  sulfur 
had  precipitated  out  of  the  solution  with  the  settling  of  the  predpitate. 
The  total  sulfur  determinations  do  not  show  what  is  happening  to  the  cys- 
tine molecule.    The  hydrogen  sulfide  determinations  give  the  only  index 
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as  to  what  becomes  of  a  small  part  of  the  sulfur  while  the  sulfate  deter- 
minations show  that  none  of  the  sulfm*  is  oxidized  to  the  sulfate. 

The  Amount  of  Cystine  as  Determined  by  the  Potassium  Bromate  Method. — 
The  results  given  in  Table  III  show  that  the  sulfur  in  cystine  is  not  readily 
oxidized  by  boiling  with  acid  under  the  conditions  of  this  experiment; 
at  any  rate,  most  of  the  sulfur  still  reacts  with  bromine.  The  end-points 
were  very  indistinct  after  24  hours,  when  the  color  of  the  solution  was 
almost  that  of  the  end-point,  therefore  making  it  very  difficult  to  obtain 
acciu-ate  titrations.  It  is  readily  seen  that  for  colored  solutions  the 
bromate  method  is  of  little  or  no  value  as  a  quantitative  method  but  serves 
as  a  qualitative  method,  showing  that  the  sulfur  in  the  cystine  is  still  largely 
in  an  tmoxidized  form. 

The  Nitrogen  Precipitated  by  Phosphotungstic  Acid, — ^The  amounts  of 
nitrogen  not  precipitated  by  phosphotimgstic  acid  are  given  in  Table  IV. 
The  data  are  given  in  this  form  rather  than  subtracting  from  the  total 
nitrogen  which  would  give  the  amounts  precipitated  by  phosphotungstic 
acid.  The  amount  of  nitrogen  not  precipitated  increases  until  the  cystine 
has  been  boiled  for  48  hoiffs  and  then  the  values  remain  practically  con- 
stant for  the  longer  periods  of  boiling.  After  48  hours  no  more  of  the 
typical  crystalline  cystine  phosphotungstate  precipitate  as  formed  with 
protein  (plate)  cystine  was  obtained,  but  instead  a  more  granular  and 
amorphous  precipitate  formed.  The  precipitates  of  96,  144  and  192  hours 
all  looked  alike  and  contained  about  the  same  quantity  of  the  precipitate 
while  from  the  "original"  to  48  hours,  the  amount  of  precipitate  decreased 
and  contained  less  of  the  typical  crystalline  plate  cystine  precipitate. 
This  indicates  that  the  cystine  has  been  changed  in  some  respect  making 
the  phosphotimgstic  acid  precipitate  more  soluble  or  changing  it  into  a 
form,  that  is  not  precipitated  by  phosphotungstic  acid.  Van  Slyke^'' 
found  that  under  our  conditions  of  precipitation,  1.5  mg.  of  nitrogen  per 
100  cc.  was  not  precipitated  when  pure  cystine  was  used,  but  with  cystine 
which  had  been  boiled  with  20%  hydrochloric  acid  for  24  hours,  he  fotmd 
that  about  7  mg.  of  nitrogen  per  100  cc.  of  the  solution  was  not  precipi- 
tated by  phosphotimgstic  acid. 

The  Nitrogen  Determinations. — ^The  total  nitrogen.  Table  V,  merely 
serves  as  a  check  on  the  amount  of  nitrogen  in  the  solution.  It  shows 
that  very  little,  if  any,  nitrogen  was  lost  in  the  form  of  a  volatile  substance 
during  the  long  boiling  with  acid.  The  total  nitrogen  determinations  do 
not  show  any  change  in  the  form  of  the  nitrogen. 

The  amino  nitrogen  figures,  Table  V,  are  not  very  consistent.  Even 
when  they  are  multiplied  by  the  factor  0.926,  used  for  cystine  nitrogen 
when  determined  in  the  Van  Slyke  apparatus,'*  they  give  a  higher  result 
than  the  total  nitrogen  values.  There  is  a  possibility  that  the  amount  of 
substance,  causing  the  high  amino  nitrogen  values  when  cystine  is  de- 
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aminized  in  the  Van  Slyke  apparatus,  is  increased  during  the  hydrolysis, 
thus  making  the  error  still  gireater.  It  is  probable  that  the  amount  of 
amino  nitrogen  actually  decreases  slightly  dimng  the  hydrolysis,  due  to  the 
formation   of  ammonia. 

With  the  exception  of  one  or  two  samples,  the  ammonia  nitrogen, 
Table  V,  increases  almost  proportionally  to  the  decrease  of  amino  nitrogen. 
Gortner  and  Holm^'  fotmd  that  when  a  mixture  of  amino  acids  and  form- 
aldehyde was  boiled  for  24  hours  with  20%  hydrochloric  acid  very  little 
ammonia  was  formed.  Asstuning  that  all  of  the  ammonia  nitrogen  in 
their  Expt.  No.  II  came  from  cystine,  only  2.74%  of  the  nitrogen  was  split 
off  as  ammonia.  This  agrees  very  well  with  the  results  obtained  in  this 
experiment  where  only  2.81%  of  the  nitrogen  is  in  the  form  of  ammonia 
at  the  end  of  24  hours. 

The  Optical  Activity  of  the  Acid  Solution, — ^The  specific  rotations,  Table 
VI,  show  that  cystine  is  gradually  and  completely  changed  into  an  inactive 
substance  or  substances  by  prolonged  acid  hydrolysis.  The  greatest 
change  takes  place  dtuing  the  first  48  hotu^  and  at  q6  hours  the  solution 
is  completely  inactive.  Momer^^  observed  that  when  cystine  was  heated 
on  a  steam-bath  for  109  hours  with  10%  hydrochloric  acid,  the  specific 
rotation  changed  from  —223°  to  —134°  and  the  cystine  was  changed 
to  a  more  soluble  form.  As  to  our  original  rotation  of  —  201 .7  °  as  compared 
with  that  of  —223°  usually  given  for  cystine,  one  can  easily  see  from  the 
specific  rotations  that  cystine  is  very  easily  changed  by  acid  hydrolysis 
to  an  inactive  form,  and  we  believe,  that  it  is  almost  impossible  to  prepare 
pure  plate  cystine  with  maximum  optical  rotation  by  any  method  which 
involves  heating  for  any  considerable  period  of  time  in  a  strong  acid  solu- 
tion. Momer,  in  his  first  paper  on  the  preparation  of  cystine,  realized 
the  fact  that  it  is  almost  impossible  to  obtain  two  preparations  with  identical 
optical  rotations. 

From  these  results,  one  concludes  that  only  a  small  amount  of  the  cystine 
is  decomposed  during  prolonged  boiling  with  acid,  as  measured  by  production 
of  ammonia,  carbon  dioxide,  or  hydrogen  sulfide  or  by  changes  in  unoxi- 
dized  sulfur.  The  major  portion  of  the  cystine  is  apparently  changed 
mto  a  form  that  is  optically  inactive  and  is  not  as  completely  precipitated 
with  phosphotungstic  add  as  is  plate  cystine.  We  therefore  attempted 
to  isolate  the  organic  compound  which  remained  in  the  solution  after 
196  hours  of  boiling. 

B.  The  Isolation  of  an  ^'Isomeric"  Cystine  from  the  Residual  Solution. 
Isolaiion  and  Analysis, — After  the  residual  solution  had  stood  for  28  days, 
the  flocculent  precipitate  noted  in  the  previous  section  was  filtered  off, 
washed  with  20%  hydrochloric  acid  and  dried.  It  was  grayish-black  in 
color.  The  black  portion  was  soluble  in  hot  water,  and  after  the  water 
was  evaporated  a  jet  black  residue  remained.    A  part  of  the  precipitate 
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was  extracted  with  carbon  disulfide  to  remove  any  elementary  sulfur. 
When  the  carbon  (Usulfide  was  evapofated  the  characteristic  yellow  crystals 
of  sulfur  remained.  The  residue  from  the  carbon  disulfide  extraction  was 
extracted  with  hot  water.  The  insoluble  portion  contained  some  inorganic 
matter  besides  a  very  small  amotmt  of  organic  matter.  An  anal3rsis  of 
the  black  water-soluble  portion  of  the  original  precipitate  gave  amino 
nitrogen,  7.73%;  total  nitrogen,  15.89%;  and  total  sulfur,  8.73%.  This 
analysis  shows  that  this  residue  is  not  cystine  but  probably  some  decom- 
position product.  Only  a  very  small  quantity  was  obtained,  not  sufficient 
in  amount  for  further  experimental  work. 

The  filtrate  from  the  flocculent  precipitate  was  evaporated  to  drjmess 
in  vacuo  on  a  boiling  water-bath,  and  then  held  at  100°  in  vacuo  tmtil  the 
excess  of  hydrochloric  acid  was  driven  off.  Flaky,  needle-like  crystals 
were  formed.  These  were  then  dissolved  in  water  and  a  portion  of  the 
solution  was  removed  for  analysis.  The  amotmts  of  total  nitrogen,  amino 
nitrogen  and  total  sulfur  were  determined.  The  ratio  of  nitrogen  to  sulfur 
was  almost  identical  with  the  ratio  for  cystine. 

Mf .  in  10  oc.  Mg.  in  10  cc. 

Amino  nitrogens  12.96  (corr.  forcsrstine  Total  sulfur  »■  30.00 

according  to  Van  Slyke")  Ratio  N :  S  « 1 : 2 .31  (ratio  for  cystine  » 
Total  nitrogen  a    12.96  1:2.29). 

In  the  hope  of  precipitating  cystine  from  the  solution,  sodium  acetate  was 
added  until  no  more  free  hydrochloric  acid  was  present.  A  voluminous 
precipitate  settled  out.  The  filtrate  from  this  precipitate  was  again  an- 
alyzed for  total  nitrogen,  amino  nitrogen  and  total  sulfur. 

Mg.  in  10  cc'  Mg.  in  10  cc 

Amino  nitrogen »  4.92  (corr.  for  cystine)  Total  sulfur »  10.60 

Total  nitrogen  =    6.03  Ratio  N:S-1:2. 11. 

These  data  show  that  there  was  probably  only  one  substance  present  in 
any  appreciable  amount  in  the  original  solution,  for  the  ratio  of  the  amino 
nitrogen  to  the  total  nitrogen  and  to  the  total  sulfur  in  the  filtrate  before 
precipitating  with  sodium  acetate  and  after  precipitating  is  about  the  same. 
The  precipitate  was  filtered  off,  dissolved  in  dil.  hydrochloric  acid,  de- 
colorized with  acid-extracted  bone  black  and  the  substance  precipitated 
with  sodium  acetate  from  the  colorless  solution.  The  precipitate  was 
washed  free  from  sodium  acetate,  dried  at  100°  and  analysed. 

Ponnd'  Calculated  for  csrstine 

%  % 

Amino  nitrogen 11.65  (corr.)        11.66 

Total  nitrogen 11.66  11.66 

Total  sulfur 26.83  26.69 

These  figures  show  that  during  the  long  boiling  the  composition  of  cystine 
has  not  been  changed. 

Physical  Properties, — ^This  '^isomeric'*  cystine  consists  of  white,  powdery 
crystals  which  at  first  look  like  solid  spheres  somewhat  resembling  the 
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crystal  balls  of  t)rrosine,  but  after  a  time  the  crystal  form  appears  to  be 
very  fine  short  needles.  Under  a  high  power  microscope  (preferably  oil 
immersion)  these  do  not  prove  to  be  needles  but  thin,  blunt  prisms,  while 
the  plate  cystine  consists  of  large,  hexagonal  plates.  Thisisimdoubtedly 
the  same  crystal  form  that  Momer^**  and  Rothera*^  observed  in  their 
preparations  of  plate  cystine  prepared  from  keratin  by  prolonged  acid 
hydrolysis.  The  average  length  of  the  prism  crystals  is  probably  about 
1/20  of  the  average  diameter  of  the  plate  crystals.  The  cross  section  of  the 
prism  crystals  is  extremely  minute.  These  crystals  compare  very  well  with 
the  description  which  Erlenmeyer^^  and  Fischer  and  Raske^^  gave  for  their 
synthetic  preparations  of  inactive  cystine  and  also  for  the  l-cystine  prepared 
by.  Fischer  and  Raske. 

This  "isomeric"  cystine  is  optically  inactive;  a  1.0  g.  dissolved  in  25  cc. 
of  dil.  hydrochloric  add  and  placed  in  a  2dcm.  tube  gave  no  optical 
rotation.  It  is  insoluble  in  hot  or  cold  alcohol,  appreciably  soluble  in 
hot  water  and  more  soluble  in  cold  water  than  is  the  plate  cystine.  When 
this  "isomeric"  cystine  is  boiled  with  cone,  sodium  hydroxide  and  lead 
acetate,  lead  sulfide  is  formed. 

Solubility. — ^The  relative  solubility  of  the  two  forms  of  cystine  was 
determined  as  follows.  200  cc.  of  carbon  dioxide  and  ammonia-free  water 
and  1  g.  of  cystine  were  placed  in  a  glass  container.  This  was  agitated 
in  a  shaking  machine  for  7  hours.  After  standing  for  several  days,  the 
solution  was  filtered  by  gravity  through  dry  hardened  filter  paper.  Fifty 
cc.  of  the  filtrate  was  placed  in  a  weighed  platinum  dish,  evaporated  on  a 
steam-bath,  dri^d  at  100**  and  weighed.  The  solubility  of  the  glass  from 
the  containers  was  also  determined  by  using  water  alone  and  carrying  out 
the  procedure  described  above.  This  "blank"  was  then  subtracted  from 
the  result  obtained  when  cystine  was  used.  The  solubility  in  pure  water 
at  20°  is  1  g.  in  5263  parts  of  water  for  plate  cystine  and  1  g.  in  2059  parts 
of  water  for  "isomeric"  cystine.  These  results  show  that  the  "isomeric" 
cystine  is  2.556  times  as  soluble  as  is  the  plate  cystine.  Neubetg  and 
Mayer**  give  the  solubilities  of  plate  cystine  and  their  "inactive"  cystine 
as  1 :  8840  for  the  former,  and  1 :  3070  for  the  latter.  Their  results  show 
that  the  "inactive"  cystine  is  2.879  times  as  soluble  as  is  the  plate  cystine. 
The  difference  in  the  amount  dissolved  is  probably  due  to  the  method  of 
obtaining  a  saturated  solution.  They  do  not  state  how  they  obtained  a 
saturated  solution  of  their  preparations  or  how  they  determined  the  amount 
of  cystine  in  solution. 

Precipitability  with  Phosphotungstic  Acid. — ^The  amoimt  of  the  "isomeric" 
cystine  precipitated  by  phosphotungstic  acid  was  compared  with  the 
amount  of  plate  cystine  precipitated  imder  identical  conditions.  One- 
quarter  of  a  gram  of  the  cystine  was  placed  in  a  250cc.  flask,  25  cc.  of  cone, 
hydrochloric  acid  and  12.5  g.  of  phosphottmgstic  acid  were  added,  and  the 
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mixttire  diluted  to  250  cc.  and  placed  in  an  ice  box  for  24  hours.  Total 
nitrogen  was  then  determined  on  aliquots  of  the  filtrate. 

The  analysis  of  the  filtrate  from  the  plate  cystine  precipitate  showed  that 
under  these  conditions  1.2  mg.  of  nitrogen  per  100  cc.  of  the  solution  was 
not  precipitated  by  phosphotimgstic  add,  while  the  analysis  of  the  filtrate 
from  the  "isomeric"  cystine  precipitate  showed  4.82  mg.  of  nitrogen  not 
precipitated.  The  phosphotimgstate  of  the  *4someric"  cystine  is  therefore 
4  times  as  soluble  as  that  of  the  plate  cystine.  Another  difference  was 
noted  in  the  physical  state  of  the  precipitates.  The  ''isomeric"  cystine 
precipitate  did  not  contain  the  typical  plate  cystine  phosphotimgstate 
precipitate  but  a  heavy,  granular-like  precipitate.  The  precipitate  of  the 
"isomeric"  cystine  did  not  form  for  several  hours,  while  that  of  the  plate 
cystine  formed  immediately. 

The  Hydrochlorides. — ^The  difference  in  the  hydrochlorides  was  shown  by 
making  use  of  the  microscopic  method  described  by  Doniges.**  A  small 
quantity  of  the  fine  material  is  placed  on  a  glass  slide  and  a  drop  of  cone, 
hydrochloric  acid  is  added.  This  is  examined  without  a  cover  glass, 
tmder  a  microscope.  Crystals  of  the  hydrochloride  soon  form.  The 
oystals  of  the  plate  cystine  hydrochloride  are  long,  prismatic  needles 
while  those  of  the  "isomeric"  cystine  hydrochloride  are  diamond  or  rec- 
tangular shaped  prisms  or  masses  of  plates.  The  hydrochlorides  of  the 
two  forms  of  cystine  are  decidedly  different,  thus  forming  an  easy  method 
of  detecting  small  amoimts  of  either  form. 

Organic  Derivatives  of  the  Two  Compounds. — ^We  have  prepared  a  ntmiber 
of  derivatives  of  the  "isomeric"  cystine  and  plate  cystine  and  have  found 
them  to  possess  entirely  different  properties.  Inasmuch,  however,  as  this 
comparative  study  is  not  complete,  a  detailed  description  of  the  derivatives 
will  be  the  subject  of  a  subsequent  paper. 

Discussion. 

It  was  necessary  to  discuss  each  topic  at  the  time  the  analytical  data 
were  presented.    There  is  little  need  of  further  extensive  discussion. 

The  data  in  Tables  I-VI  show  that  very  little  change  occurred  in  aliquots 
of  a  cystine  solution  boiled  for  various  lengths  of  time  with  hydrochloric 
acid.  The  analyses  show  that  there  is  but  little  decomposition  that  can 
be  measured  by  the  methods  used.  Three  of  the  possible  changes,  i.  e., 
ammonia  formation,  loss  of  carbon  dioxicle,  and  hydrogen  sulfide  evolution, 
show  a  slow  progressive  decomposition,  while  the  precipitability  with 
phosphotimgstic  acid  and  the  optical  activity  show  that  the  cystine 
imdergoes  some  change  that  makes  the  cystine,  or  the  products  resulting 
from  the  long  boiling,  optically  inactive  and  the  phosphotimgstate  more 
soluble.  The  greatest  change  takes  place  during  the  first  48  hours.  At 
**  Doniges.  /.  Soc.  Pharm.  Bordeaux,  58,  8  (1920);   C.  A.,  14,  1689  (1920). 
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the  most,  only  about  10%  of  the  cystine  was  decomposed  by  boiling  for 
192   hours. 

An  "isomeric"  cystine  was  isolated  from  the  residual  hydrolysate. 
This  * 'isomeric"  cystine  proved  to  be  the  principal  constituent  of  the  hydro- 
lysate. It  was  foimd  to  be  optically  inactive,  and  its  phosphotimgstate  was 
much  more  soluble  than  that  of  the  plate  cystine.  Certain  derivatives 
of  this  cystine  have  been  compared  with  those  of  plate  cystine  and  these, 
as  do  the  other  comparisons  made,  show  the  two  forms  of  cystine  to  be 
different.  This  tends  to  prove  the  conclusions  one  might  draw  from  the 
first  part  of  the  experiment,  i.  e.,  cystine  is  not  appreciably  decomposed 
or  destroyed  when  boiled  for  a  long  time  with  20%  hydrochloric  acid  but  is 
changed  into  another  compound  that  is  optically  inactive  and  has  dif- 
ferent physical  and  chemical  properties.  This  * 'isomeric**  cystine  showed 
the  required  amoimt  of  amino  nitrogen,  total  nitrogen  and  total  sulfur 
for  cystine.  It  differs  from  plate  cystine  in  every  comparison  made  be- 
tween the  two  forms  of  cystine. 

Whether  or  not  the  * 'isomeric**  cystine  is  simply  a  racemic  form  of  the 
original  /-cystine  has  not  yet  been  definitely  proved,  but  in  view  of  the 
fact  that  the  cystine  synthesized  by  Fischer  and  Raske**  and  by  Erlen- 
meyer  and  Stoop**  crystallized  in  the  form  of  needles  and  the  synthetic 
l-cystine  prepared  by  Fischer  and  Raske  likewise  crystallized  in  the  form  of 
needles,  it  appears  possible  that  the  natural  l-cystine,  crystallizing  in  hexagonal 
plates,  has  never  been  synthesized  and  that  we  have  merely  succeeded  in 
changing  the  natural  hexagonal  cystine  into  the  needle  form.  The  struc- 
tural relationships  involved  in  such  a  change  must  remain  unknown  until 
further  experimental  work  can  be  carried  out.  Likewise  the  nutritional 
utilization  of  the  "isomeric**  cystine  is  a  problem  which  we  intend  to  study 
in  the  near  future. 

Summary  and  General  Conclusions. 

Cystine  was  boiled  for  various  lengths  of  time  with  20%  hydrochloric 
acid  and  analyses  made  on  aliquots  at  each  time  interval.  A  study  was 
also  made  on  the  residual  solution,  after  192  hours*  boiling,  and  an  "iso- 
meric" cystine  was  isolated.  The  "isomeric**  cystine  and  its  derivatives 
were  compared  with  the  original  cystine. 

The  data  seem  to  warrant  the  following  conclusions. 

1.  Cystine  is  only  slowly  decomposed  or  destroyed  during  long  boiling 
with  20%  hydrochloric  acid.  There  would  be  no  appreciable  decomposi- 
tion during  the  time  of  an  ordinary  protein  hydrolysis  (12-24  hours). 

2.  There  is  but  little  decarboxylation  when  cystine  is  boiled  for  192 
hours  with  20%  hydrochloric  acid.  Small  amounts  of  carbon  dioxide  are 
evolved  during  the  boiling. 

3.  The  sulfur  of  cystine  is  not  broken  off  to  any  appreciable  extent  by 
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boiling  with  20%  hydrochloric  acid  for  192  hours.  A  small  amount  of 
hydrogen  sulfide  is  evolved,  some  elementary  sulfur  separates,  no  sulfates 
are  formed,  but  about  90%  of  fhe  original  sulfur  is  still  in  an  unchanged 
and  unoxidized  condition  at  the  end  of  the  boiling  period. 

4.  The  amotmt  of  cystine  precipitated  by  phosphotimgstic  acid  de- 
creased rapidly  during  the  first  48  hours  of  boiling  and  the  amount  pre- 
cipitated from  48  hours  imtil  the  end  of  the  experiment  remained  practically 
constant. 

5.  The  nitrogen  of  cystine  was  not  appreciably  changed  during  this  ex- 
periment. The  amount  of  total  nitrogen  remains  constant,  the  amount 
of  amino  nitrogen  slowly  decreases  and  there  is  a  corresponding  slowly 
progressive  increase  in  the  amotmt  of  ammonia  nitrogen.  • 

6.  The  optical  rotation  of  the  cystine  solution  rapidly  falls  during  the 
boiling  period,  from  201.7®  to  complete  inactivity  at  the  end  of  96  hours. 

7.  An  ''isomeric*'  cystine  was  separated  from  the  residual  hydrolysate. 
This  "isomeric"  cystine  crystallizes  in  small,  microscopic  prisms  and  showed 
markedly  different  behavior  from  the  original  cystine.  It  was  approximately 
2.5  times  as  soluble  in  water  and  the  phosphotimgstate  was  about  4  times  as 
soluble.  It  showed  no  optical  activity.  The  yield  indicates  that  this 
compound  is  probably  the  only  substance  present  in  appreciable  amounts 
in  the  residual  hydrolysate. 

8.  This  "isomeric"  cystine  was  analyzed  for  its  nitrogen  and  sulfur 
content  and  was  foimd  to  be  isomeric  with  the  original  cystine. 

9.  A  number  of  derivatives  of  the  two  forms  of  cystine  have  been  pre- 
pared and  in  every  instance  the  isomeric  derivatives  possessed  different 
properties  from  those  possessed  by  corresponding  derivatives  of  natural 
"plate"  cystine.  A  description  of  the  derivatives  is  reserved  for  a  later 
communication. 

10.  It  is  suggested  that  the  "isomeric"  cystine  as  described  in  this  paper 
is  actually  the  cystine  synthesized  by  Fischer  and  Raske,  and  by  Erlen- 
meyer,  and  Erlenmeyer  and  Stoop,  and  that  the  plate  cystine  of  protein 
hydrolysis  has  never  been  synthesized. 

St.  Paui,,  Minnesota. 
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PTRIMIDINES  FROM  ALKYLMALONIC  ESTERS  AND  AROMATIC 

AMmiNES.' 

By  Arthur  W.  Dox  and  Lbst^r  Yodbr.  • 

Received  September  17.  1921. 

The  condensation  of  dialkylmalonic  esters  with  guanidine  is  well  known 
because  of  its  application  in  some  of  the  processes  for  the  manufacture  of 
veronal.  Aside  from  guanidine,*  dicyanodiamide'  and  guanyl-urea  (di- 
cyano-diamidine)^  none  of  the  amidines  appear  to  have  been  condensed 
with  alkylmalonic  esters. 

In  the  sjoithesis  of  the  malonyl-guanidines  it  has  been  assumed  that  the 
two  primary  amino  groups  of  guanidine  condense  with  the  carbethoxyl 
groups  of  the  malonic  ester,  forming  substituted  hexahydro-pyrimidines. 
It  is  not  unlikely,  however,  that  the  tautomeric  form  may  exist,  represent- 
ing a  ccmdensation  in  which  the  imino  group  has  reacted  instead  of  one  of 
the  amino  groups,  with  formation  of  a  tetrahydro-pyrimidine.  The  close 
analogy  between  urea,  tbio-urea  and  guanidine  supports  the  first  assump- 
tion. In  the  case  of  guanyl-urea,  it  is  known  that  the  condensation  product 
is  admixture  of  tautomers. 

Ethyl  malonate  has  been  condensed  with  benzamidine  by  Pinner.*  In  his  first 
attempt  Pinner  obtained  only  the  acid  malonate  of  benzamidine.  In  his  later  work,  he 
found  that  a  condensation  took  place  in  the  presence  of  aqueous  alkali,  but  the  3rield 
was  poor  (10%)  because  of  the  rapid  saponification  of  the  ester.  With  sodium  ethylate, 
however,  the  condensation  occurred  at  ordinary  temperature  giving  in  2  dajrs  a  50% 
yield  of  2-phenyl-4,6-diketo-tetrahydro-pyrimidine.  Pinner  states  that  a  longer  time, 
up  to  6  weeks,  did  not  increase  the  yield. 

Although  substituted  malonic  esters  have  not  been  condensed  with 
amidines,  the  identical  products  that  should  result  from  such  condensations 
have  been  prepared  in  other  ways. 

Preund  and  Pleischer*  prepared  5  5-diethyl'2-methyM,6-diketo-tetrahydro- 
pyrimidine  from  diethylmalonyl  chloride  and  acetamide.  Prom  the  intermediate 
diethyhnalonyl-diacetamide  first  formed,  the  loss  of  acetic  acid  and  ring  closure  gave 
the  above  pyrimidine.  Remfry'  prepared  several  di-  and  tri-alkyl-diketo-tetrahydro- 
pyrimidines  by  condensing  alkylmalonamides  with  alkylmalonic  esters.  This  is  an 
unusual  reaction,  since  the  8-membered  ring  expected  does  not  form,  but  instead  a  loss 

^  Read  at  the  New  York  meeting  of  the  American  Chemical  Society,  September  9, 
1921. 

*  Pischer  and  Dilthey,  Ann.,  335,  352  (1904).  Gemgross,  Ber.,  38,  3399  (1906). 
Johnsoa  and  HiU,  Am.  Chem.  J.,  46,  537-49  (1911).  Karst,  Ber.,  45,  3130  (1912). 
Dox  and  Yoder,  Tms  Journal,  43,  683  (1921).  Ger.  pat.  189,076  (1907);  231,887 
(1911);  235,  802  (1911). 

>  Ger.  pat.  158.591  (1905);  165,223  (1905);  175,795  (1906). 

*  Ger.  pat.  170,586  (1906);  171,147  (1906);  187,990  (1907). 

•  Pnmcr,  Ber.,  18,  763  (1886);  41,  3517-9  (1908). 

•  Preund  and  Pleischer,  Ann.,  379,  27-36  (1910). 
»  Remfry.  /.  Chem.  Soc.,  99,  610-25  (1911). 
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of  carbon  dioxide  occurs  and  a  substituted  pyrimidine  results.  The  products  he  od- 
tained  correspond  to  derivatives  that  should  result  from  direct  condensation  of  alkyl- 
malonic  esters  with  several  aliphatic  amidines.  Burrows  and  Keane*  condensed  di- 
ethylmalonamide  with  benzaldehyde  and  obtained  5,5-di-ethyl-2-phenyM,6-diketo- 
hexahydro-pyrimidine.  This  substance  would  be  the  reduction  product  of  the  conden- 
sation product  from  diethylmalonic  ester  and  benzamidine,  by  the  simple  addition  of 
two  hydrogens  at  the  double  linkage. 

The  experiments  herein  described  were  undertaken  primarily  for  the 
purpose  of  studying  the  physiological  properties  of  the  tetrahydro-pyrimi- 
dines  resulting  from  condensation  of  dialkylmalonic  esters  with  aromatic 
amidines.  Incidentally,  it  was  discovered  that  the  mono-alkyl  derivatives, 
in  contrast  to  the  di-alkyl  derivatives,  are  colored,  suggesting  a  tautomeric 
structure.  A  number  of  the  mono  derivatives  were  therefore  included 
among  our  preparations.  We  have  then  two  series.  Disregarding  tauto- 
meric rearrangements  the  formulas  would  be 


(6) 

(1) 

0-C — 

— ^N 

1 

11(2) 

R,=C 

C— R' 

(5)1 

1 

0-C — 

— N—H 

(4) 

(3) 

(I).  Colorless 

0-C ^N 

I  II 

R— C— H     C— R' 

I  II 

0-C ^N— H 

(11).  Colored 
Experimental. 

Our  first  experiments,  in  which  we  attempted  to  condense  benzamidine 
with  various  dialkylmalonic  esters  purchased  from  a  reliable  source,  caused 
us  some  perplexity.  Beautifidly  crystalline,  bright  yellow,  insoluble  prod- 
ucts were  obtained  which,  however,  showed  the  nitrogen  content  of  the 
mono-alkyl  instead  of  the  expected  di-alkyl  derivatives.  It  was  only  when 
we  came  to  work  up  the  mother  liquors  •that  we  obtained  the  colorless 
di-alkyl  derivatives.  In  the  case  of  ethyl  dibutylmalonate  we  did  not 
succeed  in  obtaining  the  dibutyl  pyrimidine  until  after  the  ester  had  been 
subjected  to  a  second  alkylation  with  butyl  bromide  and  sodiimi  ethylate. 
In  fact,  of  the  dialkylmalonic  esters  purchased  by  us,  the  only  one  which 
did  not  give  an  appreciable  quantity  of  the  yellow  mono-alkyl  pyrimidine 
was  ethyl  dibenzylmalonate.  The  dialkylmalonic  esters  which  we  pre- 
pared ourselves  were  comparatively  free  from  the  mono  derivative,  yet 
in  several  instances  its  presence  was  indicated  by  the  yellow  color  of  the 
crude  condensation  product. 

This  experience  recalls  the  observation  of  Fischer  and  Dilthey'  that  the 
esters  of  dialkylmalonic  acids  invariably  contain  esters  of  the  correspond- 
ing monoalkylmalonic  adds  unless  special  precautions  are  taken  to  remove 

•  Burrows  and  Keane,  /.  Ckem.  Soc,  91, 289-71  (1907). 

•  Fischer  and  Dilthey,  Ber.,  35,  844-56  (1902). 
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the  latter.  In  the  case  of  ethyl  diethylmalonate  this  impurity  ordinarily 
amounts  to  7-8%.  The  boiling  points  lie  too  closely  together  for  a  satis- 
factory separation  by  fractionation.  The  striking  difference  in  the  rate 
of  amide  formation  when  the  ester  is  treated  with  aqueous  ammonia  is 
recommended  by  Fischer  and  Dilthey  as  a  test  for  the  presence  of  mono 
derivative  and  as  a  means  of  removing  the  latter.  Meyer^**  showed  later 
that  this  difference  in  the  rate  of  amide  formation  is  less  noticeable  with 
methyl  ^ters  than  with  ethyl  esters,  except  in  the  case  of  diethyl-malonic 
add.  We  believe  that  the  color  of  the  condensation  product  with  benz- 
amidine  is  an  equally  delicate  test  for  the  presence  of  monoalkylmalonic 
ester. 

The  separation  of  mono-  from  di-alkyl  pyrimidines  resulting  from  the 
condensation  of  the  mixed  malonic  esters  with  aromatic  amidines  is, 
however,  a  simple  matter.  The  difference  in  solubility  is  very  great. 
The  yellow  mono-alkyl  derivative  is  practically  insoluble  in  all  neutral 
solvents.  It  may  be  ptuified  by  dissolving  in  alkalies  and  reprecipitating 
it  with  adds,  or  it  may  be  crystallized  from  glacial  acetic  add  in  which  it  is 
sparingly  soluble,  or  predpitated  from  this  solution  by  dilution  with  water. 
The  wlute  di-alkyl  pyrimidine,  on  the  other  hand,  crystallizes  readily  from 
alcohol. 

Benzamidine  condenses  more  readily  with  alkyl  malonic  esters  than  does 
inea.  For  this  reason,  it  is  unnecessary,  and  in  fact  inadvisable,  to  use 
autodave  temperatures.  In  several  experiments  in  which  the  condensa- 
tions were  performed  at  110®  the  yields  were  very  poor.  A  strong  odor  of 
benzonitrile  was  noticed,  indicating  a  decomposition  of  the  amidine. 
Our  best  yields  were  obtained  at  70-75°.  An  excess  of  sodium  was  also 
found  to  increase  the  yield. 

For  purposes  of  comparison  the  tmsubstituted  malonic  ester  was  also 
condensed  with  benzamidine,  and  likewise  with  acetamidine.  Using  an 
excess  of  sodiimi  ethylate  and  a  temperature  of  105®  we  obtained  a  yield 
of  81%  as  compared  with  Pinner's  50%  yidd.  The  substance  showed  the 
properties  of  Pinner's  2-phenyl-4,6-diketo-tetrahydro-pyriniidine.  We 
noted  in  addition  that  its  behavior  toward  aromatic  aldehydes  is  similar 
to  that  of  barbituric  and  thio-barbituric  acids."  In  hydrochloric  acid 
solution  it  immediatelydevelops  a  color  and  finally  an  insoluble  precipitate 
on  the  addition  of  an  aromatic  aldehyde.  Benzaldehyde,  cinnamic  alde- 
hyde, anisic  aldehyde  and  piperonal  all  gave  derivatives  whose  color  varied 
from  yellow  to  brick-red.  These  predpitates  were  soluble  in  alkalies,  but 
insduble  in  all  other  solvents  and  diflScult  to  obtain  suflBciently  pure  for 
analysis.  In  acetic  add  solution  no  reaction  occurs  imtil  a  few  drops  of 
hydrochloric  add  are  added. 

»  Meyer,  Ber.,  39,  198-200  (1906). 

"  Dox  and  Plaisance,  This  Journal,  38, 2164-6  (1916). 
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The  procedure  followed  in  the  preparation  of  the  alkyl  substituted 
pyrimidines  was  in  the  main  the  same  throughout;  hence  a  single  protocol 
for  each  series  will  suffice  by  way  of  illustration.  The  amidines  were 
prepared  from  the  respective  nitriles  through  the  imido-ether  salts. 

S,5-Diethyl-2-phenyl-4,6-diketo-tetrahydro-pyrimidine. — To  a  solution 
of  4.5  g.  of  sodium  in  75  cc.  of  absolute  alcohol,  9  g.  of  benzamidine  hydro- 
chloride and  10  g.  of  carefully  purified  ethyl  diethylmalonate  were  added. 
The  mixture  was  heated  for  7  hours  at  70®.  The  alcohol  was  partially 
removed  by  a  current  of  dry  air  and  the  residue  acidified  with  a  slight  ex- 
cess of  cone,  hydrochloric  acid.  After  removal  of  the  precipitated  so- 
dium chloride,  the  solution  was  fiulher  concentrated  on  the  steam-bath. 
The  addition  of  water  caused  the  product  to  separate  in  white  needles. 
The  yield  was  5  g.  The  substance  was  recrystallized  from  dil.  acetic  add. 
It  will  be  noted  in  this  instance  that  the  yellow  color  due  to  the  formation 
of  mono-alkyl  derivative  was  not  observed.  This  we  attribute  to  the  fact 
that  the  ethyl  diethylmalonate  had  been  given  a  second  treatment  with 
ethyl  bromide  and  soditun  ethylate,  and  the  usual  impurity  of  ethyl 
monoethylmalonate  was  not  present. 

5-Benzyl-2-phenyl-4,6-diketo-tetrahydro-pyrimidine. — ^To  a  solution  of 
1.5  g.  of  sodium  in  20  cc.  of  absolute  alcohol,  2.8  g.  of  benzamidine 


Nos. 


Table  I 

4,6-DlKETO-TBTRAHYDRO-PYItIMn>INES 

1-4  and  14-21  were  white;  the  others  were  yellow  in  color 


Substituents 
5-carbon                   2-carbon 

Melting 

Calc. 
% 

Nitrogen 
Pound 
%                  % 

Yield 
% 

1. 

*.•••• 

methyl 

300+ 

22.22 

22.08 

22.15 

62 

2. 

phenyl 

methyl 

300+ 

13.86 

13.45 

13.31 

70 

3. 

benzyl 

methyl 

300+ 

12.96 

12.70 

12.91 

85 

4. 

phenyl 

300+ 

14.89 

14.43 

14.63 

81 

6. 

methyl 

phenyl 

300+ 

13.86 

13.57 

13.65 

, , 

6. 

ethyl 

phenyl 

300+ 

12.96 

12.92 

12.78 

.    .. 

7. 

aUyl 

phenyl 

2SS-9 

12.28 

12.27 

12.34 

70 

8. 

butyl 

phenyl               * 

296-7 

11.47 

11.34 

11.41 

44 

9. 

isoamyl 

phenyl 

300+ 

10.86 

10.71 

10.99 

45 

10. 

benzyl 

phenyl 

300+ 

10.07 

10.01 

9.87 

100 

11. 

dimethyl 

phenyl 

263 

12.28 

12.39 

12.53 

61 

12. 

ethyl 

/>-tolyl 

300+ 

12.17 

11.88 

12.23 

13. 

ethyl 

/>-ethoxy-phenyl 

300+ 

11.47 

11.31 

11.15 

14. 

dimethyl 

phenyl 

184 

12.96 

12.71 

12.64 

45 

15. 

di-cthyl 

phenyl 

207 

11.47 

11.37 

11.49 

44 

16. 

dipropyl 

phenyl 

164 

10.29 

10.47 

10.19 

45 

17. 

dibutyl 

phenyl 

144 

9.33 

9.27 

9.41 

18. 

dibenzyl 

phenyl 

234 

7.61 

7.40 

7.62 

37 

19. 

di-cthyl 

/>-tolyl 

181 

10.85 

10.80 

10.88 

40 

20. 

di-cthyl 

/►-cthoxy-phcnyl 

165 

9.75 

9.73 

9.65 

. . 

21. 

di-cthyl 

^naphthyl 

178 

9.52 

9.45 

9.59 

59 
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hydrochloride  and  4  g.  of  ethyl  benzylmalonate  were  added.  The  mixture 
was  kept  at  about  40^  for  12  hours.  It  was  then  acidified  with  cone, 
hydrochloric  add,  the  yellow  precipitate  collected  on  a  filter  and  the  sodium 
chloride  washed  out  with  water.  The  crude  product  weighed  4.5  g.  It 
was  insoluble  in  water  and  the  neutral  organic  solvents.  It  dissolved  with 
difficulty  in  glacial  acetic  add  from  which  it  was  obtained  as  bright  yellow 
needles  on  cooling  the  solution.  In  mineral  adds  and  alkalies  it  dissolved 
to  give  a  colorless  solution  from  which  the  yellow  crystals  were  again  ob- 
tained on  neutralization. 

The  two  series  of  derivatives  which  we  prepared  from  mono-  and  dial- 
kylmalonic  esters  are  listed  in  the  preceding  table.  In  the  case  of  5- 
mono-alkyl  derivatives  where  the  3ridd  is  not  stated,  the  substance  was 
obtained  as  a  by-product  accompanying  the  corresponding  di-alkyl  deriva- 
tive. 

Discussion. 

In  the  foregoing  table  several  pairs  of  isomers  will  be  noted,  of  which  one 
is  colorless  and  the  other  colored.  In  Nos.  2  and  5  the  positions  of  the 
methyl  and  phenyl  are  simply  reversed.  Nos.  8  and  15  show  isomerism 
due  to  an  alkyl  group  in  one  case,  equivalent  to  two  smaller  alkyl  groups 
in  the  other.  Nos.  9  and  19  are  analogous  to  the  preceding  with  the 
additional  variation  of  a  methyl  group  attached  in  the  one  case  to  the 
5-alkyl  group,  and  in  the  other  to  the  2-aryl. 

It  will  be  noted  that  the  5-mono-alkyl  derivatives  from  the  aromatic 
amidines  are  all  yellow,  and  with  two  exceptions  do  not  melt  bdow  300®. 
Pinner  states  that  his  5-bromo-2-phenyl-4,6-dioxy-pyTimidine  was  bright 
yellow  in  color  and  melted  with  decomposition  at  320**.  Evidently  a 
halogen  on  the  5-carbon  atom  is  equivalent  to  an  alkyl  group.  The  5,5- 
di-alkyl  derivatives,  on  the  other  hand,  are  all  colorless  and  melt  con- 
siderably below  300°.  An  apparent  exception  to  the  color  rule  is  the  tri- 
methylene  derivative  which,  however,  is  a  spiro  compotmd.  The  dif- 
ference in  solubility  has  already  been  pointed  out.  The  presence  of  the 
2-aryl  group  appears  to  be  necessary  for  the  manifestation  of  color  in  the 
5-mona-alkyl  series,  since  corresponding  derivatives  with  methyl  in  place 
of  the  aryl  group  are  colorless.  Leaving  out  of  consideration  the  spiro 
derivative  (No.  11),  the  two  criteria  which  determine  color  in  the  4,6- 
dioxy-pyrimidines  are  a  2-aryl  group  and  a  5-hydrogen  atom.  The  latter 
makes  possible  a  rearrangement  into  a  tautomeric  enolic  form  with  3 
double  linkages  in  the  ring. 

A  hemiquinoid  structure  (Formula  II)  does  not  in  itself  imply  color. 
Such  structure  is  known  where  color  is  absent.  Formula  III  does  not  ac- 
count for  the  color,  since  a  similar  structure  with  2  alternate  double 
linkages  can  also  be  assigned  to  the  5,5-di-alkyl  derivatives  which  are  in- 
variably cok>rless.    Formula  IV,  therefore,  represents  the  most  probable 
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structure  of  the  colored  derivatives.  Through  the  kindness  of  Dr.  H.  T. 
Clarke,  of  the  Eastman  Kodak  Company,  the  absorption  spectra  of  typical 
yellow  and  colorless  derivatives  were  determined  by  means  of  the  spectro- 
photometer. The  curves  below,  where  density  of  absorption  is  plotted 
against  wave  length,  were  obtained  by  using  a  1cm.  layer  of  0.00005  M 
solutions  in  methyl  alcohol.  The  monobutyl  derivative  shows  a  decided 
band  (Curve  I)  in  the  violet,  which  disappears  on  the  addition  of  a  few 
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drops  of  alkali  or  acid  (Ciu^es  II  and  III).  The  dibutyl  derivative  shows 
only  an  extension  in  the  region  beyond  the  visible.  The  effect  of  alkali 
in  this  case  is  to  produce  a  band  corresponding  in  position  to  the  extension 
shown  by  the  piure  substance.  With  both  derivatives  the  effect  of  acid  is 
a  strong  general  absorption  nearer  to  the  visible. 

Summary. 
Alkylmalonic  esters  condense  readily  with  aromatic  amidines,  the  mono- 
alkylmalonic  esters  yielding  insoluble  yellow  p)rrimidine  derivatives,  and 
the  dialkylmalonic  esters  soluble,  colorless  derivatives.     The  color  may 
perhaps  be  explained  on  the  basis  of  tautomeric  rearrangement. 

DETROIT,  MicmoAN.  ^  , 
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[Cqntribution  from  yhk  Organic  Laboratory  of  the  Massachusstts  Instituts  of 

Thcbnomdgy.] 

THE  CONSTITUTION  OF  THE  SECONDARY  PRODUCT  IN  THE 
SULFONATION   OF  CINNAMIC  ACID. 

By  F.  J.  MooRB  AND  Ruth  Thomas, 

Received  September  21. 1921. 

Cinnamic  add,  when  treated  with  fuming  sulfuric  acid,  3rields  2  sulfonic 
adds,  the  more  abtmdant  being  the  para  derivative.  Rudnew,*  who  first 
carried  out  this  reaction,  believed  the  other  product  to  be  a  meta  compound 
because,  on  fusion  with  potash,  it  yielded  m-hydroxybenzoic  add.  Beil- 
stein,'  however,  questions  this  condusion,  and  points  out  (1)  the  frequent 
rearrangements  which  t^e  place  in  a  potash  fusion,  (2)  the  uniformity 
with  which  ortho  and  para  compotmds  are  simultaneously  formed,  and 
(3)  the  fact  that  Kafka'  had  already  prepared  a  meta  add  from  m-sulfo- 
benzaldehyde  by  the  Perkin  synthesis,  which  leaves  hardly  a  doubt  as 
to  the  constitution  of  the  product.  Doubtless  for  these  reasons  Richter's 
"Lexikon"  describes  the  acid  of  Kafka  as  meta  and  the  secondary  product 
of  Rudnew  as  oriho,  in  spite  of  the  fact  that  Kafka's  description  contains 
no  criteria  by  which  hisadd  could  be  distinguished  from  the  other,  and  that 
Palmer/  who  had  oxidized  the  amide  of  the  latter  in  the  expectation  of 
obtaining  "saccharine,"  was  not  successful — an  argument  against  the 
ortho  position. 

The  present  work  shows  that  the  secondary  product  of  sulf  onation  is  a 
meta  compound  because  permanganate  transforms  it  smoothly  to  m- 
sulfobenzoic  add.  It  is  also  identical  with  the  acid  of  Kafka  which  has 
been   prepared  for  comparison. 

Experimental. 
In  a  study  of  the  para  add  made  by  one  of  us'  some  years  j^o,  several 
grams  of  the  acid  barium  salt  of  the  meta  acid  had  accumulated,  and  this 
material  furnished  the  starting  point  for  the  present  investigation.  The 
salt  is  a  good  deal  more  soluble  in  water  than  is  the  para  compotmd  and 
crystallizes  in  warty  aggregates,  very  different  from  the  long  beautiful 
needles  which  characterize  the  para  salt. 

m-Sotfobenzoic  Acid. — ^Pive  g.  of  this  salt  was  converted  into  the  potassium 
salt  by  boiling  it  with  a  concentrated  solution  of  2.5  g.  of  potassium  carbonate.  Then 
7.2  g.  of  potassium  permanganate  was  stirred  into  the  warm  filtered  solution.  Oxida- 
tion was  immediate.  After  the  addition  of  a  little  alcohol  the  solution  was  filtered 
from  manganese  dioxide  and  evaporated  to  dryness.  The  m-sulfobenzoic  acid  which  it 
cfwitftinp/l  was  not  isolated  as  such,  but  was  identified  by  the  following  derivatives. 

'  Rudnew,  Ann.,   173,   8   (1874). 

»  Bcilstein,  "Handbuch  d.  org.  Chem.,"  3rd  ed.,  vol.  II,  p.  1422. 

"Kafka,  Ber.,  24,  796   (1891). 

«Pahner,  Am.   Chem.  /.,  4,   161   (1882). 

» Moore,  This  Journal,  25,  622  (1903). 
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ff^-Sulfobeiizaiiiide. — Seven-tenths  g.  of  the  residue  (contidning  much  potassium 
carbonate)  was  heated  with  2  g.  of  phosphorus  pentachloride  in  a  small  distilling  flask, 
at  first  on  the  water-bath  and  then  to  about  ISO®,  to  remove  phosphorus  ozychloride. 
The  product,  when  treated  with  ice-water,  jdelded  about  1  cc.  of  a  heavy  oil.  This  was 
added  drop  by  drop  to  ammonium  hydroxide  (sp.  gr.,  0.90) .  After  the  product  cooled,  it 
was  washed  with  water,  dried  on  a  porous  tile,  and  recrystallized  from  absolute  alcohol. 
It  melted  at  171-172**,  and  a  mixture  of  it  with  fii-sulfobenzamide  prepared  from 
another  soturce  melted  at  the  same  temperature. 

fff-Hydrozybenzoic  Acid. — ^To  obtain  this  acid,  1.72  g.  of  the  same  residue  was 
fused  with  15  g.  of  potassium  hydroxide  and  a  little  water  at  220-240**  for  45  minutes. 
The  melt  was  dissolved  in  water,  just  acidified  with  hydrochloric  acid  and  extracted 
thrice  with  ether.  The  combined  extracts  yielded  0.55  g.  of  a  crusty  residue.  Pour 
crystallizations  from  water  yielded  a  product  melting  at  200-201*^,  and  a  mixture  of 
this  product  with  m-sulfobenzamide  from  another  source  melted  at  the  same  tempera- 
ture. Both  gave  an  unmistakable  (dirty)  brown  coloration  with  ferric  chloride  which 
confirms  the  experience  of  Velden,*  although  most  books  state  that  this  acid  gives  no 
color  with  ferric  chloride. 

Acetyl  Derivative. — For  fturther  identification,  the  acid  was  transformed  into  its 
acetyl  derivative  according  to  the  directions  of  Heinz^  and  a  product  with  the  melting 
point  recorded  by  him  (127**)  was  obtained. 

ifi-SuIfobenzaldehyde. — ^This  substance,  which  is  the  necessary  starting  point  in 
the  synthesis  of  Kafka,  had  been  prepared  by  Wallach  and  Wusten.*  They  do  not  state 
the  strength  of  their  sulfuric  add,  but  we  fotmd  that  any  add  containing  less  than  40% 
of  anhydride  was  ineffident,  and  even  with  this  strength  it  was  necessary  to  warm  the 
mixjture  for  several  hours  on  the  water-bath  before  all  the  benzaldehyde  was  sulfonated. 
From  the  reaction  mixture  the  barium  salt  was  obtained  in  the  customary  way  and  a 
t^irium  determination  (calc,  27.16%;  found,  26.35%)  showed  that  sulfonation  had  not 
passed  beyond  the  introduction  of  one  sulfo  group. 

m-Sulfoclnnamic  Acid. — Kafka  heated  the  barium  salt  of  f»-sulfobenzaldehyde 
with  sodium  acetate  and  acetic  anhydride.  The  product  was  addified  with  sulfuric 
add  and  distilled  with  steam  to  remove  acetic  acid.  It  was  then  evaporated  to  dry- 
ness and  the  residue  extracted  with  alcohol.  We  found  it  impracticable  to  remove  the 
large  quantities  of  acetic  add  with  steam  satisfactorily,  and  obtained  only  poor  yidds 
of  impure  material  in  this  way.  Better  results  (still  far  from  good)  were  obtained  as 
follows. 

Ten  g.  of  the  barium  salt  of  m-sulfobenzaldehyde  was  intimatdy  ground  with 
5  g.  of  freshly  fused  sodium  acetate  and  the  mixttu-e  treated  with  22  cc.  of  acetic  anhy- 
dride. The  whole  was  then  boiled  for  13  hours.  After  cooling  the  mixture,  it  was 
treated  directly  with  ether  to  remove  as  much  acetic  anhydride  as  possible  at  this  point. 
The  portion  insoluble  in  ether  was  dissolved  in  water  and  predpitated  by  sodium  car- 
bonate. The  filtrate  from  barium  carbonate  was  then  evaporated  to  dryness.  The 
residue  should  contain  the  sodium  salt  of  sulfodnnamic  add  along  with  considerable 
acetate  and  carbonate.  It  was  proposed  to  transform  the  acetate  and  sulfonate  to 
the  add  chlorides  and  separate  them  by  the  greater  sensitiveness  of  acetyl  chloride  to 
water.  The  original  residue  had  weighed  31  g.  Fifteen  g.  of  it  was  treated  with  30 
g.  of  phosphorus  pentachloride  in  the  cold  and  after  half  an  hour  the  mixtture  was 
poured  upon  ice.  When  the  material  soluble  in  water  had  been  removed,  the  waxy 
residue  was  boiled  with  water  to  transform  the  add  chloride  into  the  free  sulfonic  add. 
The  product  was  a  greasy  solid  unsuitable  for  analysis  (Kafka  did  not  analjrze  it), 

•  Vdden.  /.  prakL  Chem.,  [2]  15,  165  (1877). 

» Heinz,  Ann.,   153,  338  (1870). 

•WaUach  and  Wusten,  Ber.,  16,  150  (1883). 
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but  was  identified  by  transforma^n  into  the  acid  barium  salt  which  crystallized  in  the 
warty  aggregates  already  described,  and  by  the  preparation  and  analysis  of  the  add 
aniline  salt. 

Aniline  Salt. — Like  Palmer,  we  found  it  difficult  to  prepare  a  homogeneous  amide 
of  fff-sulfoctnnamic  add,  but  one  of  us^  had  already  pomted  out  that  it  is  frequently 
more  convenient  to  characterize  sulfonic  adds  by  their  salts  with  organic  bases.  This 
proved  to  be  the  case  here.  A  solution  of  the  crude  add  in  5  times  its  wdght  of  water 
was  mixed  with  its  own  wdght  of  aniline  sulfate  in  suspension.  The  mixtiu-e  solidified 
at  once.  It  was  warmed  until  solution  was  complete  and  then  cooled.  The  product 
obtained  was  dried  and  crystallized  4  times  from  a  mixture  of  alcohol  and  ether,  from 
which  it  separated  in  lustrous  needles  mdting  at  238**  with  evolution  of  gas. 

Analyses:  Subs.,  0.4123:  15.2  cc.  N,  (20'',  744  mm).  Subs.,  0.1603,  0.1574: 
BaSO^u  0.1174,  0.1163.  Calc.  for  C»H»OsNS:  N,  4.36;  S,  9.97.  Found:  N,  4.28; 
S,   10.00,   10.06. 

The  identity  of  this  compound  with  the  acid  aniline  salt  of  the  acid 
formed  by  sulfonating  cinnamic  acid  was  established  by  preparing  the 
salt  from  that  source  for  comparison.  It  was  found  to  contain  4.26%  of 
nitrogen  and  melted  at  238^.  A  mixture  of  the  2  samples  melted  at  the 
same  temperature. 

A  ^toluidine  salt  of  the  acid  made  by  sulfonation  ¥ras  also  prepared.  It  was  more 
difficult  to  purify  and  was  not  analyzed.     It  melted  at  229-230°  with  gas  evolution. 

Summary. 

1.  The  secondary  product  formed  in  the  sulfonation  of  cinnamic  acid 
is  fff-sulfodnnamic  acid.  It  is  identical  with  that  already  obtained  from 
m-sulfobenzaldehyde  by  the  Perkin  synthesis. 

2.  The  ortho  add  is  therefore  still  unknown.  Attempts  are  in  progress 
to  prepare  it,  and  to  make  a  comparative  study  of  the  three. 

3.  Another  case  has  been  found  which  illustrates  the  convenience  of 
characterizing  sulfonic  acids  by  their  salts  with  organic  bases. 

Cambrhx^s  39,   Massachusetts. 


(Contribution  from  thb  Chbmical  Laboratory  op  thb  New  York  Stats  Hospitals.  ] 

IDENTIFICATION  OF  ALKALOIDS  UNDER  THE  MICROSCOPE 
FROM    THE   FORM    OF   THEIR   PICRATE   CRYSTALS. 

By  Burt  E.  Nblson  and  Hslsn  A.  Leonard. 

Received  September  26, 1921. 

No  satisfactory  systematic  scheme  for  the  qualitative  identification  of 
aU  the  common  vegetable  alkaloids  is  known,  and  while  certain  partial 
schemes  serve  fairly  well  for  particular  groups,  they  frequently  do  so  only 
in  the  known  absence  of  others.  Moreover,  many  of  these  schemes  and  in 
fact  the  classical  methods  for  identifying  organic  compoimds  generally, 
are  quite  frequently  inapplicable  because  of  the  small  amotmt  of  material 
available,  particularly  in  the  analyses  of  certain  medicines  and  in  forensic 
cases.     The  well-known  color  reactions,  often  interpreted  largely  by  a 
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process  of  exclusion,  while  applicable  to  small  portions  of  residues,  have  the 
disadvantage  of  destroying  the  material  for  further  tests. 

Micro-chemical  and  micro-crystallographic  methods  (the  latter  in- 
cluding, determinations  of  refractive  indices)  have  here  the  distinct  ad- 
vantages of  utilizing  only  a  small  amount  of  material,  and  often  of  leaving 
the  alkaloid  in  a  combination  suitable  directly  for  melting-point  deter- 
minations and  from  which  it  may  be  again  obtained  in  free  form  for  color 
reactions,  pharmacological  tests,  etc. 

Among  the  compoimds  utilized  most  frequently  for  micro-chemical 
identification  of  alkaloids  the  picrates  have  long  been  popular,  although  in 
many  instances  the  picrolonates  serve  better.  Other  commonly  used 
double  compoimds  are  those  with  gold  and  platinum  chlorides,  iodo- 
potassic,  iodomercuric,  bismuthic  and  cadmic  iodides,  etc. 

In  using  these  compounds  we  have  felt  the  need  of  a  convenient  reference 
chart  for  quickly  classifying  into  crystal  groups  and  arriving  at  the  probable 
base  or  bases  present  from  the  form  or  "habit"  of  the  crystals,  or  at  any 
rate  for  determining  the  base  to  be  probably  one  of  a  few,  before  pro- 
ceeding to  further  crystallographic  or  chemical  tests  for  the  final  identi- 
fication. For  this  preliminary  comparison  it  is  obviously  necessary  to 
use  the  same  derivative  of  the  alkaloids,  and  for  oiir  own  use  the  picrates 
were  chosen  because  they  can  as  a  rule  be  conveniently  precipitated 
directly  from  many  mixtures  and  because  their  forms  are  usually  quite 
diverse  and  characteristic.  For  the  further  confirmatory  tests,  however, 
they  are  less  suitable  than  the  common  acid  salts  and  some  double  com- 
pounds, because  their  high  refractive  indices  preclude  the  possibility  of  de- 
termining these  values  by  the  immerision.  method  with  any  of  the  liquids 
now  used. 

The  figiues  in  the  accompanying  chart,  however,  have  to  do  only  with 
the  form  or  habit  of  the  crystals,  and  this  we  have  found  to  be  constant 
after  following  the  procedure  given  below.  Thus  far  we  have  not  f otmd  that 
the  presence  of  another  alkaloid  offers  serious  interference.  The  chart 
has,  in  fact,  in  many  cases  been  useful  even  without  subsequent  confirma- 
tory optical  tests,  although  naturally  these  should  be  made. 

All  of  the  alkaloids  studied  met  the  pharmacopeial  requirements. 
Aconitine  was  of  the  amorphous  active  variety.  CaflFein  and  theobromine 
among  the  purin  bodies,  and  free  picric  acid,  are  included  for  comparison, 
in  the  drawings. 

In  using' the  form  or  habit  of  the  picrate  crystals  for  this  preliminary 
identification,  it  must  not  be  forgotten  that  except  when  obtained  under 
identical  physical  conditions  form  is  not  a  fixed  and  tmchanging  physical 
property.  Among  the  conditions  influencing  the  form  may  be  mentioned 
temperatiwe,  concentration  and  purity  of  the  solution  crystallized,  and  the 
rate  of  crystallization.     Even  the  presence  of  traces  of  grease  on  the  micro- 
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scope  slides  will  often  affect  the  result.  Where  crystallization  occuis  from 
too  dilute  a  solution  or  over  too  large  a  cell  area,  '"starved"  or  skeleton  crys- 
tals are  apt  to  form  in  feathery  or  fern-like  dendritic  masses. 

For  the  above  reasons  uniform  methods  of  procedure  must  be  followed, 
and  after  the  first  examination  it  is  well  to  repeat  the  crystallization  and 
to  compare  ydth  a  known  standard  similarly  treated  to  insture  constant 
results. 

Method. 

The  aqueous  solution  (fairly  concentrated  in  a  few  cases)  of  the  separated 
alkaloid,  slightly  acidified  with  hydrochloric  acid,  is  precipitated  in  a 
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small  test-tube  with  a  slight  excess  of  saturated  solution  of  picric  add  and 
the  precipitate  deposited  and  slightly  vrashed  in  a  centrifuge.  The  pic- 
rates  are  now  dissolved  in  a  corked  test-tube  in  the  smallest  practical 
volume  of  warm  95%  alcohol,  the  tube  being  held  in  a  warm  water-bath. 
The  solution  is  next  allowed  to  cool  somewhat  slowly  with  the  bath,  when 
crystals  will  usually  form.  Further  strong  cooling  will  increase  the  jdeld. 
The  crystals  are  now  deposited  firmly  in  the  centrifuge  and  the  super- 
natant fluid  decanted  as  completely  as  possible  into  a  second  small  test-tube. 
By  means  of  a  curved,  pointed  glass  rod  the  crystals  are  now  transferred, 
together  with  any  adherent  mother  liquor  to  a  paraffin-ringed  cell  on  a 
glass  microscope  slide.  This  cell  is  conveniently  made  by  touching  the 
wanned  smooth-cut  end  of  a  thin  metal  tube,  first  to  a  solid  block  of 
paraffin  and  then  squarely  against  the  glass.  An  equal  volume  of  water 
is  next  added  to  the  remaining  alcoholic  solution  in  the  second  tube, 
previously  concentrated  if  necessary,  so  that  on  adding  to  the  remaining 
crystals  in  the  first  tube  the  former  are  again  dissolved  completely  only 
on  w£^ming,  and  a  second  lot  of  crystals  obtained  as  above  with  this  50% 
alcoholic  solution.  The  whole  operation  wiU  not,  as  a  rule,  require  more 
than  10  or  15  minutes. 

In  this  manner  we  obtain  2  separate  cells  of  crystals,  from  one  or  both 
of  which  characteristic  forms  will  usually  be  obtained.  These  are  to  be 
compared  with  the  figures  and  the  known  sample  similarly  treated. 

Direct  addition  of  the  reagent  to  an  acidified  drop  of  solution  on  the 
microscope  slide  has  not  furnished  as  reliable  results  with  us. 

For  this  tentative  identification  of  the  crystals  thus  formed  only  an 
ordinary  microscope  is,  of  coiu-se,  required,  but  for  optical  crystallographic 
measurements,  which  are  nearly  as  applicable  to  powder  fragments  as  to 
entire  crystals,  a  good  petrographic  or  chemical  microscope  is  essential. 
As  the  present  article  does  not  consider  the  methods  of  optical  crystallog- 
raphy or  chemical  microscopy,  the  beginner  is  referred  to  standard  texts,* 
although  we  hope  to  present  the  crystallographic  data  later. 

In  the  mean  time  this  preliminary  but  tentative  identification  by  means 
of  the  chart  will,  we  trust,  be  convenient. 

^  Parker,  "Some  Microchemical  tests  for  Alkaloids/'  J.  B.  Lippincott  Co.  Chamot, 
"Elementary  Chemical  Microscopy/'  John  Wiley  and  Sons  Co.  Luquer,  "Minerals 
in  Rock  Sections/'  John  Wiley  and  Sons  Co.  McCoughey  and  Fry,  "The  Microscopic 
Determination  of  Soil  Forming  Minerals/'  Bull.,  91,  U.  S.  Dept.  Agriculture.  Wherry, 
"The  Application  of  Optical  Methods  of  Identification  to  Alkaloids  and  Other  Organic 
Compounds/'  BuU.,  679,  U.  S.  Dept.  Agriculture.  Groth,  "Elemente  der  physikalischen 
und  chemischen  Krystallographie,"  R.  Oldenbourg,  Berlin.  Wright,  The  Petrographic 
Microscope  in  Analysis,  This  Journal,  38,  1647  (1916).  Wormley,  "Microchemistry 
of  Poisons,"  J.  B.  Lippincott  Co.  Behrens,  "Anleitung  zur  mikrochemischen  Analyse," 
Wherry  and  Yanovsky,  The  IdentifidEition  of  The  Cinchona  Alkaloids  by  Opdcal- 
Crystallographic  Methods,  This  Journal,  40,  1063  (1918). 
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Summary. 
We  believe  that  the  more  commonly  occurring  vegetable  alkaloids  may 
be  tentatively  identified  under  the  microscope  by  the  form  or  habit  of 
their  picrate  crystals  prepared  under  standard  conditions.    We  hope  to 
consider  the  optical  properties  of  other  of  their  compounds  later. 
BiNGHAirroN,  N8W  York. 

[ComcuNiCATioN  No.  131  ntOM  THE  Rhssakch  Laboratory  of  the  Eastman  Kodak 

Company.] 

THE  DRYING  AND  SWELLING  OF  GELATIN.    PRELIMINARY 

NOTE.i 

By  S.  E.  Sbbppard  and  F.  A.  Elliott. 

Received  October  27.  1921. 

The  following  notes,  or  more  accurately  notes  and  queries,  are  con- 
cerned principally  with  the  influence  of  the  earlier  phases  of  a  dehydration- 
hydration  cycle  in  gelatin  jellies  on  later  phases  of  the  cycle.  The  view 
that  the  influence  of  the  history  of  a  gelatin  gel  on  its  swelling  after  drying 
is  explicable  in  terms  of  an  internal  supermolecular  structure  has  been 
recently  clearly  expressed  by  L.  Meunier.  In  a  review  of  recent  work 
"On  the  Properties  of  Gelatin"*  he  states  "We  have  already  mentioned 
that  according  to  Hardy's  conception,  the  solid  phase  of  a  gelatin  jelly 
has  a  structure  related  to  its  concentration;  the  cells  of  the  lattice  would 
be  open  in  the  case  of  the  less  concentrated  jellies,  and  closed  in  the  case 
of  the  more  concentrated.  Admitting  this  hypothesis,  it  may  be  conceived 
that  the  absorbing  power  for  water  of  thin  sheets  of  gelatin  will  be  in  re- 
lation to  the  concentrations  of  the  solutions  from  which  they  are  prepared. 
If  we  prepare  from  the  same  gelatin  two  solutions,  one  at  6%,  the  other  at 
20%,  and  coat  thin  sheets  of  gelatin  from  these  on  glass,  dry  at  low  tem- 
perature, the  leaves  prepared  from  the  diluted  solution  will  absorb  more 
water  and  will  swell  more,  for  equal  weight  [of  gelatin]  and  time,  than  the 
sheets  prepared  from  the  concentrated  solution." 

Similar  experiments  are  recorded  by  H.  R.  Procter*  and  by  W.  D. 
Bancroft^  and  have  been  confirmed  in  this  Laboratory.  There  remains  the 
question  as  to  whether  they  are  due  to  internal  structure,  as  suggested, 
or  whether  a  more  obvious  cause  exists. 

The  Drying  of  Gelatin  Jellies. 
Gelatin  jellies,  of  given  definite  geometrical  shape  and  water  content, 
might  be  supposed  to  dry  in  such  a  way  that  the  shape  would  remain  un- 
^  Paper  read  at  the  Spring  Meeting  of  the  American  Chemical  Society,  Rochester, 
N.  Y.,  April,  1921. 

s  Meunier,  Ckimie  a  industrie,  5,  (T.)  220  (1921). 

»  Procter,  /.  Chtm,  Soc.,  105,   313  (1914). 

«  Bancroft,  "Applied  Colloid  Chemistry,"  McGraw-Hill  Book  Co.,  1921,  p.  251. 
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affected.  Such  shrinkage,  and  a  swelling  exactly  inverse  thereto,  we  may 
term  isometric;  actually  isometric  shrinkage  of  jellies  on  dxying  can  be  ap- 
proached only  by  very  slow  drying  under  conditions  such  that  the  environ- 
ment is  only  slightly  unsaturated  as  to  water  or  water  vapor.  Ordinarily 
this  is  not  the  case;  hence,  the  rate  of  diffusion  of  water  to  the  drying  sur- 
face is  not  everywhere  the  same  and  equal  to  the  rate  of  evaporation.  The 
importance  of  diffusion  in  regulating  the  dxying  and  swelling  of  gelatin 
masses  has  been  pointed  out  by  (Miss)  B.  B.  Shreve,^  whose  work  will  be 
referred  to  subsequently.  The  actual  balance  between  the  diffusion  in 
the  gel  and  the  surface  evaporation  is  affected  by  a  number  of  factors 
as  follows. 

1.  Environment  factors. — i.  e.,  the  saturation,  temperature,  rate  of 
movement  of  the  dehydrating  fluid,  e.  g.,  air. 

2.  Surface  factors. — The  surface  is  not  a  geometrical  boundary  of 
negligible  thickness  and  structure,  but  a  region  of  discontinuity  of  physi- 
cal properties  and  state  of  aggregation.  If  we  term  the  sum  total  of  the 
surface  energy  factors  the  capillarity,  this  becomes  of  still  more  pronounced 
and  even  critical  importance  at  the  intersection  of  geometrical  surfaces, 
such  as  edges  and  comers  (dihedral  and  polyhedral  angles). 

3.  Elastic  factors. — ^Although  a  gelatin  jelly  is  a  relatively  homo- 
geneous isotropic  solid  for  simple  shearing  stresses  not  involving  com- 
pressions or  dilations,*  it  tends  to  become  heterogeneous  and  aeolotropic 
for  complex  stresses  such  as  occtu-  in  drying  and  swelling.  This,  again 
reacts  on  the  progress  of  dxying  and  the  properties  of  the  piece  of  gelatin. 

4.  Associated  factors. — ^Temperattu-e,  pressure  and  chemical  con- 
ditions are  variables  associated  with  both  the  superficial  and  the  elastic 
variables;  these,  as  independent  variables,  define  the  limits  within  which 
gelatin  solutions  behave  as  elastic  hydrogels.  If  the  temperature 
and  pressure  are  above  certain  values,  equilibrium  is  definitely  displaced 
in  the  direction  of  the  sol  condition,  in  which  the  rigidity  is  negligibly 
small  compared  with  the  resistance  to  compression  (bulk  elasticity). 
Again  at  constant  temperature,  the  chemical  potentials,  in  particuku:, 
the  hydrogen-ion  concentration,  definitely  limit  the  concentration  region 
of  gel  formation.  An  originally  uniform  distribution  of  a  chemical  poten- 
tial can  readily  become  nonuniform,  again  with  a  definite  reaction  on  the 
progress  of  drying  and  the  properties  of  the  dried  piece. 

Passing  from  these  preliminary  generalities,  we  note  the  behavior  of 
gelatin  in  various  forms  on  ordinary  "forced"  drying  and  subsequent 
swelling. 

Leaf  Gelatin. 

Preparation  in  "leaf"  form  is  very  usual  for  technical  and  photographic 

» Shreve,  Science,  48,  324  (1918). 

•Sheppard  and  Sweet,  This  Journal.  43,  539  (1921). 
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gelatin.  The  shape-  and  behavior  on  swelling,  for  a  given  stock,  are 
primarily  determined  by  the  concentration  and  thickness  at  which  it  was 
"set/'  l^  the  fact  that  it  is  dried  down  on  a  net  or  mesh,  and  by  the  rate 
of  drying.  -Such  a  leaf  shows  in  a  polariscope  local  strain  areas  about  the 
nodes  of  the  net,  and  evident  thickenings  at  the  traces  of  these  nodes  and 
the  meah  work  on  the  leaf,  as  also  at  the  edges.  Between  the  meshlines 
the  gelatin  is  thinner  and  has  a  curved  surface.  The  behavior  on  swelling 
is  illnstrated  by  the  following  data. 


Dknensioii 

"1.      X 

Swelling 

Swelling 

Ohn. 

1.6  hn. 

%' 

18  hn. 

%' 

Length 

23.1cm. 

24.3  cm. 

5.2 

28.2  cm. 

22.2 

Breadth 

8.5  cm. 

9.7  cm. 

14.1 

10.3  cm. 

21.2 

ia) 

Center 

mesh 

0.108 

0.83 

670.0 

1.09 

910 

Idckness  in  cm.    (b) 

Nodes 

0.70 

0.90 

14 

1.10 

50 

(c) 

Edges 

0.45 

0.90 

100 

ExpT.  2 

Dimension 

Swelling 

Swelling 

Ohn. 

1.5  hn. 

%' 

18  hn. 

ds/s 
% 

Length 

22.7  cm. 

25.5 

12.3 

27.5  cm. 

21.1 

Breadth 

8.6 

9.0 

4.65 

10.2 

18.6 

ia) 

Center 

mesh 

0.142 

0.82 

0.477 

1.22 

760 

hidmess  in  cm.    (b) 

Node 

0.76-.80 

1.22 

50 

(c) 

Edges 

0.55 

1.3 

Weight,  g. 

3.790 

20.89 

450% 

34.46  g. 

810% 

It  will  be  seen  from  these  that  the  dilations  in  length  and  breadth  are 
veiy  small,  compared  with  the  dilation  of  the  thickness  of  the  intermesh 
elements;  this  increase  in  thickness  is  alone  nearly  able  to  take  care  of 
the  total  increase  in  volume  as  may  be  seen  by  comparing  the  parallel 
figures  for  the  increase  in  weight.  It  is  evident  that  these  results  ap- 
proach the  behavior  of  gelatin  jelly  coated  and  dried  down  on  a  glass 
{date,  when  on  swelling  the  dilation  is  necessarily  confined  to  the  direc- 
tioii  perpendicular  to  the  plane  of  the  plate,  frilling  and  stripping  ex- 
duded.  The  similar  behavior  of  leaf  gelatin  is  due  to  similarity  of  cause. 
The  meshwork  of  the  supporting  net  initiates  the  drying  by  capillarity 
and  thus  the  sheet  receives  a  skeleton  or  framework  of  primarily  hardened, 
rigid  gelatin,  evident  enough  upon  examination,  which  is  simply  a  capillary 
impress  of  the  net  This  frameworic,  consisting  of  more  compact  gel,  is 
composed  of  the  nodal  bosses  or  cusps  (somewhat  thicker,  as  will  be  seen 
bom  the  measurements,  than  the  intermesh  elements),  the  intemodal 
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lines  of  the  mesh,  and  the  edges,  also  thicker.  The  intennesh  elements 
are  curved  away  from  the  plane  of  the  mesh,  and  the  flattening  out  of  the 
curvature  on  swelling  probably  plays  a  considerable  part  in  the  approxi- 
mate re-formation  of  the  original  trapezoidal  sheet  form.  On  redryio^, 
freely  suspended,  the  sheet  is  approximately  reshrunk  to  the  original  leaf 
form,  the  intermesh  elements  going  back  to  their  former  thickness.  This 
unilateral  dilation  of  the  leaf  is  not  peculiar  to  the  leaf  as  a  whole,  but  is 
shared  by  pieces  cut  out  of  the  intermesh  elements,  e.  g.,  with  a  cork  borer. 
Thus,  after  3  hours  1.1  cm.  diameter  became  1.5  cm.  {ds/s  36%)  and  0.10 
mm.  thickness  became  1.05  mm.  (jis/s,  950%). 

This  was  observed  by  R.  Cahal  also,  in  the  course  of  his  researches  on 
the  microscopic  structure  of  Lippmann  images,  by  microtome  sections 
through  gelatin  films  stripped  from  a  photographic  plate.  Cahal  in  order 
to  magnify  the  distance  between  the  elemental  mirrors,  employed  the 
device  of  swelling  the  section  in  water,  and  noticed  that  the  section  swelled 
some  10  times  in  the  direction  of  the  normal  to  the  plane  of  the  plate  and 
but  littie  in  the  transverse  direction.  This  has  been  corroborated  in  this 
Laboratory. 

Initiation  of  an  external  skeleton  framework,  which  acts  similarly  to  an 
adherent  plate  or  film  support,  appears  sufiSdent  to  explain  the  unilateral 
swelling  of  a  sheet  of  dried  down  gdatin  as  a  whole,  while  the  like  behavior 
of  pieces  and  sections  indicates  that  the  distribution  of  strain  effected 
in  drying  extends  to  microscopic  and  perhaps  submicroscopic  dements. 
Since  the  capillary  initiation  or  induction  appeared  to  be  a  phenomenon 
of  fundamental  importance  for  the  drying  and  swelling  of  gelatin,  experi- 
mental attention  was  directed  to  reducing  this  factor  progressivdy  as  far 
as  possible.  If  we  pass  successivdy  from  cubes  to  cylinders  to  spheres, 
we  have  a  progressive  reduction  of  the  comer  and  edge  factors  to  zero, 
and  arrive  at  a  figure  for  which  the  ratio  of  surface  to  volume  is  a  minimum . 
Experiments  were  made  with  such  figures,  with  various  modifications  of 
procedure. 

Cubes. — ^Three  cases  were  observed:  (a)  cube  freely  suspended,  all 
faces  free,  (b)  cube  bounded  at  one  face;  (c)  cube  bounded  at  two  opposite 
faces.  The  cubes  were  cast  in  spedal  moulds,  with  a  removable  sus- 
pension consisting  of  a  rigid  wire  terminated  by  a  small  cubical  block  acting 
as  the  center  of  the  cast  piece.  The  rdativdy  slight  capillary  action  of 
the  wire  can  be  reduced  by  greasing  it.  The  cubes  were  made  in  three 
sizes:  2.5  cm.  ==  1.0  mch  (No.  3),  1.25  cm.  »  0.50  inch  (No.  2)  and  0.62 
cm.  =  0.25  inch  (No.  1).  While  geometrical  similarity  induced  a  similar 
behavior  on  drying  in  the  three  cubes,  the  process  was  the  more  rapid  the 
smaller  the  cube.  Experiments  were  made  both  with  d3mamic  drying 
(air  current)  and  statically  (in  a  dosed  vessel)  over  sulfuric  add  of  definite 
concentration.    The  general  results  were  the  same  in  both  cases,  but 
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experiments  are  being  continued  over  a  wider  range  of  condition  as  to 
speed,  temperature  and  saturation  of  the  air.^  The  actual  progress  of 
drying  will  be  most  readily  seen  from  the  photographs  (Fig.  l). 


Ba 


Fig.  1. — ^Free  cube. 
1 — Original  20%  gelatine;  2 — Initial  drying  step;  3 — Intermediate; 
4 —  Final  dnring. 

These  are  for  20  %  gelatin  jellies.  It  is  evident  that  dxying  is  initiated 
at  the  comers  or  trihedral  angles  which  dry  and  harden  first;  at  this  stage 
the  sides  or  faces  of  the  cube  are  bowed  or  curved  outward,  giving  convex 
surfaces  under  tension.  This  is  rapidly  followed  by  hardening  of  the  edges, 
which  tends  to  flatten  the  faces  again.  A  rigid  framework  is  thus  formed, 
so  that  the  cube  behaves  as  if  suspended  inside  a  relatively  unyielding 
wire  cage.  The  faces  now  recede,  and  the  edges  become  somewhat  in- 
curved till  a  sort  of  inner  cube  is  formed  with  connected  flanges  reinforcing 
it,  any  cross-section  through  this  having  an  I-beam  structure,  as  though 
the  drying  proceeded  in  a  manner  developing  the  figure  with  the  greatest 
resistance  to  stress.  The  flange-like  edges  appear  to  form  sections  of 
hyperboloids  with  a  common  focus  at  the  center  of  the  cube. 

When  one  face  is  bounded,  as  by 
standing  the  cube  on  a  sheet  of  glass, 
the  only  noticeable  difference  is  that 
drying  starts  at  the  intersection  of 
the  cube  with  this  base.  Hence  the 
basal  face  persists  practically  unal- 
tered in  size.  This  is  duplicated  in 
the  case  of  two  parallel  faces  being 
bounded  when  the  effect  of  capillar- 
ity at  the  contact  angles  in  directing 
the  drying  becomes  still  more  marked  Cubes,  l—Face  suppression  before  and 
CPiff  2)  ^^^^  drying  1  inch. 

On  placing  such  a  cube  in  water  and  allowing  it  to  swell,  at  first  the 

7  By  very  slow  drying  we  have  secured  isometric  shrinkage,  and  investigation  of 
swelling  inverse  to  this  is  in  progress. 


Fig.  2. 
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salients  formed  tend  to  swell  most;  this  is  then  followed  by  restitution 
of  the  faces,  and  an  approximate  restoration  of  the  original  cube.  The 
course  of  drying — up  to  about  6  to  10%  moisture  content — as  described, 
has  increased  the  ratio  of  surface  to  volume.  If  a  freshly  moulded  cube 
of  some  60%  gelatin  is  placed  in  water,  swelling  also  starts  at  the  comers 
and  edges,  producing  the  same  type  of  deformation.  Quincke  has  observed 
that  a  cube  or  sphere  of  jelly  on  drying  shows  by  polarized  light  negative 
double  refraction  in  the  outer  shell  and  positive  double  refraction  in  the  in- 
terior, the  optic  axis  being  normal  to  the  surface;  on  swelling  these  condi- 
tions are  reversed,  showing  a  reversal  of  the  distribution  of  stress. 

Passing  from  the  case  of  a  cube  with  one  face  bounded,  we  may  consider 
any  right  6-face,  with  one  bounded  (or  suppressed)  and  the  thickness, 
taken  perpendicular  to  this  face,  small  compared  to  the  other  dimensions. 
In  the  limit  this  corresponds  to  photographic  plates  and  films.  In  this 
case  drying  proceeds  very  similarly  at  first  to  the  cube,  but  the  sides  soon 
become  incurved  and  case-hardened,  so  that  in  the  second  stage  drying 
proceeds  by  gradual  envelopment  and  reduction  in  area  of  a  central  humid 
zone,  proceeding  inward  from  the  comers  and  edges. 


Fig.  3. 

Cylinders,  1 — Face,  and  2 — Face  suppression  after  drying, 

side  view. 

In  the  case  of  cylinders  and  spheres,  the  photographs  show  that  shrink- 
age on  drying  is  not  uniform,  but  produces  a  puckered  or  wrinkled  sur- 
face (Fig.  3). 

Case  Hardening  vs.  Stmcture. 

Otu-  conclusion  is  that  the  ''case  hardening"  effect,  in  particular  as 
initiated  at  edges  and  comers,  is  responsible  for  two  important  phenomena 
in  the  hydration-dehydration  cycle  of  gelatin  jellies.  The  first  of  these 
is  the  fact  noted  in  reference  to  "leaf"  gelatin,  and  pointed  out  by  Miss 
E.  B.  Shreve*  "that  the  greatest  shrinkage  and  subsequent  swelling  takes 
place  perpendicular  to  the  largest  evaporating  surface."  The  second  is 
the  apparent  influence  of  the  original  concentration  of  the  gelatin  jelly 
on  its  swelling  limit  subsequent  to  drying.  This  we  regard  as  being  due 
to  the  initial  case-hardening,  which  preserves    an    approximate  "skin 
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extension"  ccnresponding  to  the  original  figtu'e.  If  this  is  correct,  there 
appears  no  need  to  postulate  an  internal  sub-microscopic  but  super- 
molecular  structtnre  of  the  gelatin.  Any  ''structtnre"  is  not  inherent  in 
the  gelatin,  but  is  an  environment  impress,  a  strain  structure  in  the  origi- 
nal mass.^  We  are  continuing  the  investigation  of  this  with  controlled 
humidity,  to  adjust  the  rate  of  evaporation. 

The  influence  of  hydrogen-ion  concentration  on  swelling  of  gelatin  masses 
with  different  drying  histories  is  also  under  investigation,  in  relation  to 
the  Procter-Wilson-Loeb  theory  of  gelatin  swelling.® 

ROCHSSTSR,  NBW  YORI^. 


[Contribution  prom  thb  Chemical  Laboratory  op  Harvard  UNnrERSiTv.) 

THE  ADDITION  OF  MALONIC  ESTERS  TO  BENZOYL-PHENYL- 

ACETYLENE. 

By  E.  P.  KoHLQR. 
Received  October  28.  1921. 

The  following  investigation  was  originally  undertaken  for  the  purpose 
of  making  the  unsaturated  5-ketonic  acid  (I)  for  comparison  with  an  iso- 
meric cyclopropane  derivative  (II). 


C,H.C  =  CHCOCJI, 

1 
CH(CO.CH,), 

CHt-CH— CHCOCfl, 
C(CO.CH,). 

a). 

(II). 

It  was  abandoned  for  a  time  because  the  addition  reaction  gave  sub- 
stances of  a  different  type,  and  then  taken  up  again  in  the  hope  of  finding 

*  This  view  may  be  compatible  with  a  development  of  the  2-phase  theory  for 
gelatin  gels,  with  the  proviso,  however,  that  the  structure  elements  are  resultants  of 
the  physico-chemical  changes  of  environment,  not  native  to  gelatin.  Thus  Miss  J. 
Lloyd  (Biochem.  J.,  14,  166  (1920))  pictures  gelation  as  follows:  "gelation  will  only 
occur  on  the  cooling  of  a  sol  which  contains  in  solution  iso-dectric  gelatin  and  gelatin 
salts  in  equilibrium  with  free  electrolytes.  As  the  sol  is  cooled  the  insoluble  iso-electric 
gdatin  is  precipitated  in  a  state  of  suspended  crystallization  and  forms  a  solid  frame- 
work throughout  the  system.  The  more  soluble  gelatin  salts  remain  in  solution  and  by 
their  osmotic  pressure  keep  the  framework  extended.  Gels,  therefore,  arc  2-phase 
systems,  the  solid  phase  consisting  of  iso-electric  gelatin,  the  liquid  of  gelatin  in  salt 
form."  With  regard  to  this  conception,  if  the  insoluble  iso-electric  gelatin  forms  a 
rigid  "solid  framework,"  one  does  not  quite  see  how  the  osmotic  pressure  is  necessary  to 
keep  it  extended.  It  appears,  however,  that  this  precipitation  theory  can  be  extended 
to  driring,  the  solid  framework  growing  by  accretion  as  the  concentration  changes  in 
the  liquid  phase,  and  building  up  the  skin  extension  to  which  we  have  referred. 

•  H.  R.  Procter,  Ref.  3.  Also  Procter  and  J.  A.  Wilson,  /.  Chem.  Soc,  109,  307 
(1916).  J.  A.  Wilson  and  W.  Wilson,  Tms  Journai.,  40,  886  (1918).  J.  Loeb, 
/.  Gen.  Physiol.,  191»-192r,  Science,  52,  449  (1920). 
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a  means  of  detecting  acetylenic  ketones  in  alkaline  media  in  which  they 
are  rapidly  transformed  into  other  substances. 

The  addition  of  metallic  derivatives  to  acetylenic  ketones  does  not  seem 
to  have  been  tried  heretofore;  but  Michael^  found  that  sodium  malonic 
ester  combines  with  esters  of  acetylenic  acids,  and  the  extensive  researches 
of  Moureu^  have  shown  that  acetylenic  ketones  combine  with  other  sub- 
stances even  more  readily  than  do  the  corresponding  ethylenic  compounds. 
It  was  to  be  expected,  therefore,  that  in  the  presence  of  sodium  alcoholate, 
malonic  ester  would  combine  with  benzoyl-phenylacetylene  in  accordance 
with  the  equation, 
Cai»C = CCOC«H»  -f  Na  [CHCCOjCHj),! = C«H.C  -  C  «  C—CeHj-^COlBC = CHCOC«H». 

I     . 
ONa 

CHCCOiCH,),  CH(CO,CH^), 

The  experiment  showed  that  addition  takes  place  rapidly  in  the  direction 
expected,  but  that  the  product  immediately  loses  alcohol  and  passes  into 
a  pyrone  derivative.  The  structure  of  the  resulting  product  was  estab- 
lished by  the  following  series  of  transformations: 

CH  =  C— C«H,  CH  =  C— CeH» 

/  \  /  \ 

COifC  O  — ►  C»H*C  O  — ► 

\             /                                         \  / 

CH,0,C.C  —  CO  HOjC.C CO 


CH  =  C— C»H» 

/  \ 

CeHsC  O 

%  / 

CH  — CO 


C«H,COCH,C(C«H»)  =  CHCOsH  — ► 

CeHftCOCHiCOCeH,  +  (CO,H)». 


These  transformations  show  that  the  product  is  an  a-pyrone  derivative 
and  that  the  course  of  the  reaction  is  similar  to  that  observed  by  Ruhe- 
mann  when  he  added  ketonic  esters  or  diketones  to  esters  of  phenyl- 
propiolic  acid.  The  products  of  the  two  reactions,  however,  never  have 
the  same  structure.  Thus  the  addition  of  a  ketonic  ester  to  an  acetylenic 
ester  gives  a  pyrone  derivative  which  has  the  ester  group  in  the  5  position 
(Type  I)  while  the  same  group  occupies  the  3  position  in  the  products 
obtained  by  adding  an  ester  to  an  acetylenic  ketone  (Type  II). 

ROiC-C  =  CR'  CH  «  CR' 

/         \  /  \ 

RC  O  RC  O 

\         /  \  / 

CH— CO  ROiC-C  —  CO 

(I).  (H). 


»  Michael,  J.  prakt.  Chem.,  [2\  40,  22  (1894). 
*  Moureu,  BuU.  soc.  chim,,  [3]  33,  131  (1906). 
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P3rrone  derivatives  of  the  first  type  have  long  been  known.  It  is  im- 
possible to  hydrolyze  them  without  opening  the  ring.  On  treatment  with 
alkalies  they  lose  a  molecule  of  add  and  give  substituted  glutaconic  acids. 

C(COiR)  -  C— R' 

/  \ 

R— C  O  — ►  R'COiH  +  RC  —  CHtCQiH  . 

CH    CO  CHCOjH 

Derivatives  of  the  second  type  have  not  been  described  heretofore.  They 
can  be  hydrol3rzed  without  breaking  the  pyrone  ring*  On  treatment  with 
alkalies  they  give  either  the  p}rrone  add  or  the  corresponding  p}rrone. 

CH  =  C  —  R'  CH  =  C  —  R'  CH  -  CR' 

/  \  /  \  /  \ 

R  — C  O       — ►        R  — C  O      — ►    R  — C  O. 

ROjCC  —  CO  HOjCC  —  CO  CH  —  CO 

This  characteristic  behavior  towards  alkalies,  which  is  analogous  to  that 
of  the  corresponding  open-chained  compounds,  serves  as  an  easy  means 
of  identifying  substances  belonging  to  either  of  these  types  of  pyrone 
derivatives. 

The  a-pyrone  esters  are  moderatdy  soluble  in  organic  solvents,  crystal- 
lize extremely  well,  and  separate  readily  even  from  solutions  that  hold ' 
large  quantities  of  oily  products.    As  their  structure  is  easily  determined, 
they  are  admirably  adapted  for  detecting  and  identifying    acetylenic 
ketones. 

Experimental  Part. 

Condensation. — The  simplest  way  to  carry  out  the  condensation  is 
to  add  a  small  quantity  of  sodium  alcoholate  to  a  warm,  concentrated, 
alcoholic  solution  containing  equivalent  quantities  of  ester  and  unsaturated 
ketone.  The  liquid  immediately  becomes  blood-red  in  color,  the  tem- 
perature rises  to  tiie  boiling  point  of  the  liquid,  and  the  reaction  is  complete 
by  the  time  the  liquid  has  cooled  to  the  ordinary  temperatture.  Most 
of  the  pyrone  separates  in  an  almost  pure  state  when  the  solution  is  acidi- 
fied with  acetic  acid.  The  balance  is  obtained  by  pouring  the  filtrate 
into  water,  extracting  with  ether,  removing  a  small  quantity  of  acid  by 
shaking  with  soditun  carbonate,  and  allowing  the  ether  to  evaporate. 

The  procedure  was  varied  in  a  ntunber  of  way^  in  an  e£fort  to  prevent 
the  pyrone  formation  and  thus  get  the  tmsaturated  dibasic  ester  which  is, 
doubtless,  the  primary  product  of  the  reaction.  Thus,  ether  and  benzene 
were  substituted  for  the  alcohols  as  solvents,  suspensions  of  sodium  malo- 
nate  were  used  in  place  of  malonic  ester  and  soditun  alcoholate,  and  the 
temperature  was  reduced  to  the  lowest  point  at  which  the  reaction  would 
proceed;  but  the  results  were  essentially  the  same  in  all  cases:  70  to  95% 
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of  the  product  was  pyrone  ester,  the  balance  consisting  of  variable 
quantities  of  pyrone  acid  due  to  hydrolysis,  and  of  dibenzoyl-methane 
formed  by  the  action  of  alkali  on  benzoyl-phenylacetylene. 

When  the  sodium  derivative  of  malonic  ester  was  used  in  ether  or  in 
benzene,  a  brilliant  red  sodium  compound  separated  as  the  reaction  pro- 
ceeded. Since  the  same  compound  was  obtained  by  adding  cone,  sodium 
alcoholate  to  solutions  of  the  pyrone  ester  in  the  same  solvents,  it  is  evident 
that  the  pyrone  is  formed  under  the  influence  of  the  alkali  and  not  during 
acidification.  It  is  not  necessary  to  use  pure  benzoyl-phenylacetylene 
for  the  preparation  of  the  pyrone  ester.  The  crude  washed  and  dried 
product  of  the  reaction  between  sodium  phenylacetylene  and  benzoyl 
bromide,  which  usually  contains  less  than  60%  of  unsaturated  ketone, 
serves  equally  well,  and  it  is  thus  possible  to  avoid  the  serious  losses 
involved  in  the  vacuum  distillations  of  this  product. 

CH«C-^-CA 

/       \ 
Methyl  4,6-diphenyl-p7rone-2-€«rboz3late-3|  C|HtC  O       . — ^The  products 

CHiOtC— C— CX> 

obtained  by  condensing  dimethyl  malonate  with  benzoyl-phenylacetylene  crystallize 
in  long,  pale  yellow,  fluorescent  needles  which  melt  at  129^. 

Analysis.  Calc.  for  Ci^HMOi:  C,  74.5;  H,  4.6.    Foimd:  C,  74.6;  H,  4.7. 

The  ester  b  readily  soluble  in  acetone  and  in  chloroform,  moderately  in  ether  and 
in  methyl  alcohol,  sparingly  in  ligroin.  Under  diminished  pressure  it  distib  without 
decomposition.  The  p3rrone  ring  is  not  opened  by  adds;  a  suspension  of  2  g.  of  the 
ester  in  methyl  alcohol  was  saturated  with  hydrogen  chloride,  sealed  in  a  tube,  and 
kept  for  over  a  year;  but  the  only  change  was  a  small  amotmt  of  hydrolysis  to  the  cor- 
responding add.  The  ester  dissolves  readily  in  cone,  sulfuric  add,  and  is  predpitated 
tmchanged  when  the  orange  colored  solution  b  diluted  with  water  or  alcohol. 

The  STHYL  BST8R  was  obtained  in  the  same  way  as  the  methyl  compound  which  it 
dosdy  resembles  in  color,  in  crystal  form,  and  in  solubility.  It  mdts  at  1 19^.  Ndther 
thb  nor  the  methyl  ester  reduces  a  solution  of  permanganate  in  acetone,  or  combines 
with  bromine. 

Analysis,  Calc.  for  CmHwO*:  C,  76.0;  H,  5.0.    Found:  C,  74.8;  H,  5.1. 

The  Acn>.  The  p3rrone  esters  are  exceedingly  sensitive  to  alkalies.  They  dissolve 
in  cold  aqueous  and  alcoholic  potash  forming  blood-red  solutions  which  rapidly  turn 
yellow.  These  3rdlow  solutions  contain  small  quantities  of  the  corresponding  add, 
with  relativdy  much  malonic  add,  dibenzoyl-methane,  benalzdehyde  and  other 
decomposition  products.  Under  these  conditions,  evidently,  the  addition  reaction  is 
reversed  and  the  products  noted  result  from  the  action  of  alkalies  on  malonic  ester  and 
benzoyl-phenylacetylene.  Cold  alcoholic  sodium  alcoholate  causes  less  extensive  de- 
composition, but  gives  only  a  minimal  quantity  of  add  products.  A  fairly  satisfactory 
hydrc^ysb  to  the  p3nt>ne  add  was  finally  accomplished  as  follows.  A  solution  of  dther 
ester  in  excess  of  cold  cone,  sodium  methylate  was  diluted  with  8  to  10  times  its  volume 
of  benzene  and  the  mixture  boiled  on  a  steam-bath.  It  rapidly  lost  its  red  color  and 
deposited  an  impure  yellow  sodium  salt.  Thb  was  recrystallized  from  a  strong  solution 
of  sodium  carbonate  in  which  it  b  sparingly  soluble  and  from  which  it  separates  in 
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colorless  plates.  The  yield  of  pure  salt  was  70%.  The  cortesponding  acid  was  purified 
by  aystaUizatioii  from  benzene  which  deposits  it  in  stout  needles  that  contain  benzene 
of  crirstaUizatioin. 

Analysis.  Calc.  for  CigHuOi-COI.:  C,  77.7;  H.  4.8.     Found:  C,  76.8;  H,  4.7. 

In  the  air  these  oystals  lose  benzene  and  crumble  to  a  yellow  powder  which  melts 
at  168'. 

Analysis.  Calc.  for  CmHuO*:  C.  74.0;  H,  4.1.     Found:  C,  73.6;  H,  4.1. 

The  jdeld  of  pure  add  was  about  70%.  Neither  the  pyrone  add  nor  its  salts 
reduce  permanganate  at  the  ordinary  temperature.  The  add  begins  to  decompose  at 
about  200"";  it  gives  off  carbon  dioxide  fredy  above  210"". 

CH  —  C— COIi 

/  \ 

4,6-Di^enyl-pyrone-2,    dHfC  O      . — Ten   g.    of  the  pyrone  add, 

\  / 

CH  — C=0 

i9htn  heated  for  2  hours  at  210-212^  gave  8.39  g.  of  a  pale  3rdlow  mdt  which  crystallized 
when  rubbed  with  a  little  methyl  alcohol,  and  7.69  g.  of  pure  p3rrone  mdting  at  142°. 

Analysis.  Calc.  for  CnHuOs:  C,  82.3;  H,  4.8.    Found:  C,  82.0;  H,  5.1. 

The  same  substance  can  be  obtained  more  easily  directly  from  the  pyrone  esters. 
Thus  5  g.  of  the  methyl  ester  was  suspended  in  a  solution  of  1.2  g.  of  sodium  in  20  cc. 
of  dry  methyl  alcohol  and  the  mixture  set  aside  tmtil  the  red  color  had  completely  dis- 
appeared. Meanwhile,  the  liquid  had  deposited  1.5  g.  of  pure  p3rrone  and,  when  the 
filtrate  from  this*  was  diluted  with  water,  it  iridded  1.6  g.  more  of  slightly  less  pure 
materiaL  The  p3rrone  crystallizes  in  pale  yellow  plates  which  are  moderatdy  soluble 
m  alcolud,  sparingly  in  ether.    Its  solution  in  acetone  does  not  reduce  permanganate.  ' 

r-Benzoyl-/3-pheny!  crotonic  add«  C6HiC0CHtC(Caii):CHC0sH.— The  pyrone 
is  not  attacked  by  cone,  aqueous  potassium  hydroxide.  It  dissolves  readily,  however, 
both  in  alcoholic  potash  and  in  a  solution  of  sodium  methylate.  From  the  resulting 
yellow  solutions,  adds  predpitate  a  mixture  of  2  colorless  adds  extremdy  difficult  to 
separate.  By  repeated  recrystallization  from  ether-ligroin  mixtures,  one  of  these  was 
obtained  in  a  pure  condition.  It  crystallized  in  slender  needles  which  mdted,  with 
effervescence,  at  about  130^. 

Analysis.  Calc.  for  CitHhOi:  C,  76.7;  H,  5.2.    Found:  C,  76.4;  H,  5.2. 

The  MSTHTi^  8STQR.  The  purity  of  the  add  was  established  by  esterification 
throned  the  silver  salt.  With  methyl  iodide  this  gave,  in  calculated  amount,  a  solid 
methyl  ester  which  crjrstallized  in  needles  and  mdted  at  36^. 

Analysis.  Calc.  for  CisHwO,:  C,  77.1;  H,  5.7.    Found:  C,  76.7;  H,  5.8. 

Ozidatiim. — ^Both  the  add  and  its  methyl  ester  are  readily  oxidized  by  permanga- 
nate. When  the  oxidation  is  carried  out  in  acetone,  the  entire  carbon  chain  is  destroyed 
and  the  only  products  are  benzoic  and  oxalic  adds.  By  cautious  oxidation  of  the  sodium 
salt  in  aqueous  solution,  however,  it  is  possible  to  confine  the  action  of  the  oxidizer 
hrgdy  to  the  double  linkage.  Thus  2.5  g.  of  the  add  was  dissolved  in  excess  of  sodium 
hydrogen  carbonate,  the  solution  saturated  with  carbon  dioxide  at  O^t  and  treated, 
gradually,  with  a  solution  of  3  g.  of  permanganate,  a  current  of  carbon  dioxide  being 
maintained  throughout  the  operation.  The  oxides  of  manganese  were  then  dissolved 
with  sulfur  dioxide  and  the  organic  products  extracted  from  the  water  solution^with  ether. 
The  ethereal  solution  was  shaken,  first  with  sodium  carbonate  to  remove  adds,  and 
then  with  a  solution  of  copper  acetate.  This  predpitated  a  green  copper  compound 
which  melted,  with  decomposition,  at  about  300°. 
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The  copper  compouiid  was  suspended  In  ether  and  decomposed  with  dil.  hydro* 
chloric  add.  The  ethereal  layer,  on  evaporation,  deposited  0.9  g.  of  colorless  needles 
that  melted  at  81**.  A  mixture  of  the  substance  with  dibenzoyl-methane  likewise 
melted  at  81^ 

The  second  add  that  is  formed  when  the  pyrone  ring  is  opened  with  alkalies  was 
not  obtained  in  a  perfectly  pure  condition.  An  analysis  of  the  mixture  of  the  two  acids 
gave:  C,  76.8%,  and  H,  6.9%.  The  2  adds  are,  therefore,  certainly  isomeric,  and 
there  are  some  indications  that  one  readily  passes  into  the  other;  but  whether  the  iso- 
merism is  spatial  or  structural  remains  in  doubt.  These  adds  are  still  under  investiga- 
tion. They  are  the  only  known  unsaturated  5-ketonic  adds — a  type  that  is  of  especial 
interest  in  connection  with  the  peculiar  isomerism  of  the  glutaconic  adds. 

Action  of  Ammonia  on  the  Pynme  Esters. — It  is  wdl  known  that  ammonia  trans- 
forms many  pyrones  into  the  corresponding  hydroxy  pyridines;  but  Ruhemann  found 
that  when  o-pyrones  which  have  hydrocarbon  residues  in  the  a'  position  are  heated  with 
cone,  aqueous  ammonia  they  generally  give  ammonium  salts  of  amino  compounds. 
The  structure  of  these  salts  is  uncertain,  and  they  can  be  turned  into  pyridine  de- 
rivatives only  by  roundabout  methods.  The  a-psrrone  esters  described  in  this  ^per 
give  a  similar  result  when  they  are  heated  with  aqueous  ammonia,  but  when  they  are 
shaken  at  the  ordinary  temperature  with  cone,  alcoholic  ammonia  they  pass  slowly  but 
oompletdy  into  a  mixture  of  hydroxy-pyridine  esters  and  the  corresponding  hydroxy- 
P3rridine.  At  the  ordinary  temperature,  cone,  aqueous  ammonia  acts  very  slowly,  but 
in  the  course  of  several  months  it  transforms  these  a-p3rrone  esters  quantitatively  into 
the  hydroxy-pyridine   derivative. 

CH--C— C«H» 

^        \ 
2-Hydrozy-4,6-diphenyl-pyridine,         C«HtC  N         .—A  suspenaon  of  6 

\        / 

CH-COH 

g.  of  the  ethyl  ester  in  20  cc.  of  saturated  plcoholic  ammonia  was  shaken  for  48  hours. 
By  this  time  the  dark  ydlow  color  which  devdoped  on  the  addition  of  the  alcoholic 
ammonia  had  largdy  disappeared  and  the  liquid  had  deposited  a  fine  white  powder. 
This  was  filtered  off  and  the  filtrate  evaporated  in  a  draught.  The  solid  consisted 
mainly  of  the  hydroxy-pyridine.  It  was  purified  by  recrystaUization  from  alcohol 
from  which  it  separated  in  colorless  or  very  pale  yellow  plates  that  mdted  at  210^. 

Analysis.  Calc.  for  CnHuON:  C,  82.6;  H,  6.3.    Found:  C,  82.2;  H,  6.5. 

The  substance  is  soluble  in  adds  and  in  alkalies.  It  is  doubtless  identical  with  a 
substance  previously  obtained  by  Von  Meyer. 

Etfayl-2-hydroxy-4,6-dJphenyl-pyridhie  carboxylate-d, 

CH— C— CJI, 

\        / 

CiHtOtC— C=COH 

The  residue  left  after  evaporating  the  filtrate  from  the  hydroxy-pin^dine  consists 
largdy  of  this  ester,  which  is  more  sparingly  soluble  in  alcohol  but  much  more  readily 
soluble  in  alcoholic  ammonia  than  the  corresponding  hydroxy-psrridine.  The  ester 
crystallizes  from  alcohol  in  colorless  pyramids  or  prisms  which  show  a  faint  blue  fluo- 
rescence and  mdt  at  197".  It  dissolves  in  strong  alkalies,  but  not  in  adds.  Its  solu- 
tions in  cone,  aqueous  sodium  hydroxide  and  in  alcoholic  ammonia  are  pale  ydlow  io 
color. 
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Analysis.  Calc.  for  CwHitCN:  C.  76.1;  H,  6.3.    Found:  C,  74.9;  H,  6.6. 

When  the  ester  is  heated  with  cone,  aqueous  potassium  hydroxide  it  is  converted 
into  a  mixtture  of  the  corresponding  acid  and  the  hydroxy-pyridine.  The  add  readily 
loses  carbon  dioxide  at  260**  and  passes  quantitatively  into  the  same  hydroxy-pyridine. 

Summary. 

1.  Under  the  influence  of  sodium  alcoholate,  benzoyl-phenylacetylene 
rapidly  condenses  with  maJonic  esters  to  form  p)rrone  esters  that  have 
an  ester  group  in  the  3  position. 

2.  Pyrone  esters  which  have  the  ester  group  in  the  3  position  are 
readily  distinguished  from  those  which  have  this  group  in  the  5  position 
by  their  behavior  towards  alkalies. 

3.  By  opening  the  ring  of  an  a-pyrone  which  has  phenyl  groups  in 
the  3  and  6  positions  it  is  possible  to  get  unsaturated  5-ketonic  acids 
which  have  the  carbon  chain  that  is  responsible  for  the  peculiar  isomerism 
of  the  glutaconic  acids. 

Cambridgs  38,  Massachusstts. 
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It  has  seemed  that  a  more  intensive,  quantitative  study  of  some  of  the 
gas-phase  reactions  of  organic  compounds  induced  by  catalysts  might  shed 
some  light  upon  the  mechanism  of  catalysis.  In  view  of  the  widely  differ- 
ent decompositions  which,  according  to  Sabatier,  are  induced  in  esters  by 
alumina,  titania  and  thoria,  it  was  suggested  by  Dr.  Wilder  D.  Bancroft 
that  these  reactions  offered  a  "fruitful  field  for  study.  Sabatier^  reports 
that  alumina  induces  Reaction  1 ;  titania,  2;  and  thoria,  3. 

A1,0, 
2CH,CO,Cai6 — ►  (CH,),CO -f  2CH4 -f  CO, -h  H,0  (1) 

TiO, 
CHiCOjCOI*  — >  CH,CO,H  -h  CH4  (2) 

ThO, 
2CH,C02CHb  — ►  (CH,),CO  +  CO,  -f  CHb  OH  +  CH4  (3) 

If  these  equations  accurately  represent  the  decompositions,  we  have  a 

very  specific  reaction  for  each  catalyst,  and  it  was  hoped  that  it  would  be 

possible  to  find  some  connection  between  the  properties  of  the  catalyst  and 

the  reaction  induced.    Our  results  do  not  indicate  that  the  catalysts  are 

highly  specific,  but  we  have  found  that  the  decomposition  of  the  esters 

offers  the  possibility  of  a  comparative  study  of  the  same  catalyst  upon 

>  Sabatier  "La  Catalyse  en  Chemie  Organique/'  Van  Nostrand  Co.,  1920,  p.  341. 
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two  distinct  reactions;  that  of  decarboxylation  and  of  dehydration,  imder 
conditions  which  are  automatically  identical  for  such  variables  as  '*spacc- 
time-velocity"  and  concentration. 

Experimental  Part. 

The  apparatus  and  method  of  procedure  were  similar  to  those  used  by 
Engelder.2    A  sketch  of  the  apparatus  is  shown  in  Fig.  1. 

The  ester  was  introduced  from  the  buret  A  into  the  reservoir  B,  the  outlet  from 
•which  led  through  a  boiling  water-bath  into  the  catalyst  tube  E.  This  latter  consisted 
of  a  Pyrex  glass  tube  2X42  cm.  constricted  to  a  diameter  of  5  mm.  at  its  outlet  end. 


The  tube  contained  an  indentation  for  the  head  of  the  thermocouple  P  at  a  point  2  cm. 
from  the  constriction  and  4  cm.  from  the  outlet  end  of  the  electrically-heated  furnace  D. 
The  catalyst  in  the  form  of  pills  was  placed  around  the  indentation  and  held  in  place 
by  glass  beads  and  glass  wool.  Asbestos  paper  was  wrapped  around  the  tube  and  ther- 
mocouple. The  products  of  the  reaction  passed  through  the  spiral  condenser  into  the 
receiver  G  in  which  the  liquid  products  were  collected.  The  receiver  G  and  the  con- 
densers were  immersed  in  an  ice-bath.  The  gaseous  products  passed  out  through  the 
second  condenser  and  were  collected  over  a  saturated  salt  solution  in  the  7.5-liter  bottle 
L,  which  was  provided  with  a  manometer  K. 

The  thermocouple  was  connected  to  a  Leeds  and  Northrup  potentiometer,  recorder 
and  controller'  which  automatically  regulated  the 'temperature  of  the  furnace  to  =^2°. 

The  gas  formed  by  the  decomposition  of  ethyl  acetate  was  analyzed  according  to  the 
usual  methods.  (1)  The  carbon  dioxide  was  absorbed  in  (1 : 1)  potassium  hydroxide 
contained  in  a  Hempel  single  pipet.  (2)  Ethylene  was  absorbed  in  a  water  solution  of 
bromine  contained  in  a  Hempel  double  pipet.  The  bromine  fumes  were  removed 
with  potassium  hydroxide.  (3)  Carbon  monoxide  was  absorbed  in  an  add  solution  of 
cuprous  chloride.^ 

The  distillate  was  analyzed  by  the  standard  methods.  (1)  Acetic  add:  about  2  g. 
of  weighed  distillate  was  mixed  ^th  about  100  cc.  of  water  and  titrated  at  once  with  a 
standard  0.5  N  solution  of  sodium  hydroxide.  (2)  Ethyl  acetate:  a  weighed  sample  was 
saponified  in  a  standard  (0.5  N)  alcoholic  solution  of  potassium  hydroxide,  contained  in 
a  pressure  bottle,  held  in  a  boiling  water-bath  for  45  minutes.    The  excess  of  alkali  was 

« Engelder,  /.  Phys.  Chem.,  21,  679  (1917). 

•  Ftmds  for  the  purchase  of  this  apparatus  were  allotted  by  the  Research  Committee 
of  the  University  of  Wisconsin  upon  the  recommendation  of  Dean  C.  S.  Slichter  and 
Dr.  J.  H.  Mathews. 

*  Krauskopf  and  Purdy,  /.  Ind.  Eng.  Chem.,  12,  158  (1920). 
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titrated  with  a  0.5  N  sodium  hydroxide  solution  using  phenolphthalein  as  indicator. 
(3)  Acetone:  about  0.4  g.  of  weighed  distillate  was  dissolved  in  100  cc.  of  water  to  which 
had  been  added  50  cc.  of  a  0.5  N  solution  of  sodium  hydroxide.  After  standing  for  10 
minutes,  a  0.4  N  solution  of  iodine  in  potassium  iodide  solution  was  added  drop  by  drop 
until  at  least  a  25%  excess  had  been  added.  After  standing  for  10  minutes,  the  add 
equivalent  of  the  alkali  s(4ution  was  added  and  the  excess  iodine  titrated  with  a  0.5  N 
solution  of  sodium  thiostdfate  using  starch  as  an  indicator. 

The  Preparation  of  the  Catalysts. 

Three  hundred  g.  of  hydrated  aluminum  nitrate,  Al(NOi)3.9H20,  was  dissolved 
in  2  liters  of  distilled  water.  The  solution  was  heated  to  boiling  and  cone,  ammonium 
hydroxide  added  until  precipitation  was  complete.  The  solution  was  diluted  to  8  times 
its  original  volume,  heated  to  boiling  for  15  minutes  and  allowed  to  cool.  The  pre- 
cipitate was  then  washed  with  distilled  water  by  decantation  until  free  from  ammonium 
nitrate.  It  was  filtered  off  and  dried  in  a  hot-air  oven  at  165°.  Catalysts  were  also 
prepared  from  the  sulfate  in  the  same  general  way. 

Thcria  was  prepared  by  ignition  of  the  nitrate  and  also  by  the  precipitation  of  tho- 
rium hydroxide  as  indicated  for  alumina. 

Titania  was  prepared  by  dissolving  the  oxide  in  hot  cone,  sulfuric  acid,  diluting 
with  10  volumes  of  water  and  precipitating  as  with  altunina.  This  catalyst  was  also 
made  by  precipitating  blue  titanous  hydroxide  from  a  solution  of  titanic  chloride  and 
allowing  it  to  oxidize,  in  the  solution,  to  the  white  hydroxide. 

The  catalysts  were  made  into  pellets  with  a  pill  machine.  These  were  of  such  a 
size  that  20  of  them  (the  unit  charge)  weighed  about  2.5  g.  We  believe  that  by  the  use 
of  the  catalyst  in  this  form  it  may  be  placed  in  the  tube  to  better  advantage  than  when 
used  as  a  powder.  Its  catal3rtic  activity  is  not  impaired  by  this  treatment.  It  was 
interesting  to  note  that  apparently  as  much  reaction  took  place  in  the  center  of  the  pel- 
lets as  at  the  surface.  This  was  evidenced  by  the  equal  deposition  of  carbon  throughout 
the  pellet. 

Notes  on  Catalysts  Used. 

Runs  1-5.  An  alumina  catalyst  prepared  from  the  sulfate.  The  sulfur  compotmds 
had  been  removed  by  passage  of  a  few  cubic  centimeters  of  ester  over  the  heated  catalyst. 
The  catalyst  had  been  dried  for  24  hours  at  the  temperature  of  the  reaction.  In  all 
the  runs  in  which  alumina  (or  ignited  titania)  was  used  there  was  3-4%  of  hydrogen 
and  saturated  hydrocarbons  in  the  gaseous  products. 

Runs  6-10.  An  alumina  catalyst  prepared  as  for  Runs  1-5.  45  cc.  of  ethyl 
acetate  was  passed  over  the  catalyst  between  Runs  8  and  9. 

Runs  11-12.  The  catalyst  was  a  sample  of  titania  obtained  from  the  Will  Cor- 
poration. 

Runs  13^14.  An  alumina  catalyst  prepared  from  the  nitrate.  It  was  dried  at  the 
temperature  of  the  jeaction  for  12  hours. 

Run  15.    Same  as  for  Runs  13-14. 

Runs  16-17.  Same  as  Runs  1-5,  6-10.  Isopropyl  acetate  used  instead  of  ethyl 
acetate. 

Runs  18-19.  An  ignited  thoria  catalyst.  It  was  dried  overnight  at  the  tempera- 
ture of  reaction.  The  cataljrst  was  heated  at  455"  for  6  hours  between  Runs  18  and  19. 
There  was  9-12%  hydrogen  and  saturated  hydrocarbons  in  the  gaseous  products. 

Run  20.  Catalyst  prepared  as  for  Runs  18-19.  Isopropyl  acetate  was  used. 
There  was  no  hydrogen  in  the  gaseous  products. 

Runs  21-22.  Titania  prepared  from  sulfate^  Ethyl  acetate  used  in  21  and  iso- 
propyl acetate  in  22.    Gas  showed  17%  ethane  and  6%  hydrogen  in  21. 
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Run  23.  Titania  from  the  same  sample  as  that  used  for  Runs  21-22  but  which 
had  been  ignited  for  an  hour  at  red  heat.    There  was  14%  ethane  in  the  gas. 

Runs  24-25.  The  catalyst  was  that  used  in  Runs  1-5  and  later  ignited  at  red  heat 
for  2  hours. 

Runs  26-27.  Titania  prepared  from  titanium  trichloride.  Gas  contained  13% 
hydrocarbons  in  Run  26  when  ethyl  acetate  was  used.  Isopropyl  acetate  was  used  in 
Run  27. 

Run  28.  Thoria  prepared  from  nitrate  by  solution  and  precipitation  as  hydroxide 
with  subsequent  drying  at  the  temperature  of  reaction.  There  was  5-6%  of  hydrogen  and 
hydrocarbons  in  the  gaseous  products.  After  ignition  of  this  catalyst  its  ethylene  effi- 
ciency had  been  reduced  with  a  consequent  rise  in  the  amounts  of  saturated  hydro- 
carbons formed. 

Run  29.  An  alumina  catalyst  dried  overnight  at  the  temperature  of  reaction.  A 
molecular  mixture  of  45  g.  of  alcohol  and  acetic  acid  was  substituted  for  the  ethyl 
acetate. 

Rtm  30.    An  alumina  catalyst  dried  for  24  hotu-s  at  the  temperature  of  reaction. 

Run  31.    An  alumina  catalyst,  not  previously  dried  at  the  temperature  of  reaction. 

Explanation  of  Table. 

In  calculating  the  equivalents  of  the  products  of  the  reaction,  it  is  as- 
sumed that  2  molecules  of  ethyl  acetate  are  equivalent  to  2  molecules  of 
ethylene,  1  of  acetone,  2  of  acetic  acid,  and  1  of  carbon  dioxide.  (See 
Equations  1  and  2).  Col.  15  of  the  table  gives  in  percentages  the  amounts 
of  acetone  found  in  the  distillate  as  compared  with  the  amount  that  should 
have  been  there  if  one  molecule  of  carbon  dioxide  is  formed  for  each  mole- 
cule of  acetone. 

Col.  ¥7  gives  in  percentages  the  degrees  to  which  the  relative  production 
of  carbon  dioxide  and  ethylene  satisfy  the  requirements  of  Equation  1. 
The  percentage  of  the  total  number  of  molecules  decomposed  that  produce 
carbon  dioxide  (and  acetone)  is  given  in  Col.  20  of  the  table.  The  same 
information  in  regard  to  ethylene  is  given  in  Col.  21.  These  figures  may 
be  taken  as  representing  the  efficiency  of  the  catalyst  in  these  two  phases 
of  the  reaction. 

Discussion. 

The  question  arises  as  to  the  extent  to  which  the  results  here  recorded 
agree  with  the  general  statements  of  Sabatier^  as  to  the  specificity  of  the 
catalysts  for  inducing  decompositions.  If  the  alumina  induces  Reaction  1, 
then  the  volume  of  ethylene  should  be  twice  that  of  the  carbon  dioxide. 
Analyses  of  the  effluent  gas  made  within  a  few  minutes  of  the  beginning 
of  a  run  indicated  that  such  a  ratio  was  approximated.  However,  the 
percentage  of  carbon  dioxide  in  the  gas  rapidly  decreased  to  an  amount 
which  was  rather  characteristic  of  the  method  of  preparation  of  the  catalyst 
and  its  subsequent  treatment.  The  figures  in  Col.  20  of  the  table  indicate 
that  upon  use  the  efficiency  of  an  alumina  catalyst  for  the  production  of 
carbon  dioxide  (and  of  acetone)  decreases  while  the  efficiency  of  the  catalyst 
for  the  production  of  ethylene  is  not  much  changed  (Col.  21).    A  fresh 
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alumina  catalyst  in  a  2-hour  run  split  carbon  dioxide  out  of  80%  (Run  1) 
or  78%  (Rim  6)  of  the  molecules  decomposed.  In  the  case  of  a  catalyst 
(Rtm  10)  which  had  previously  been  used  6  times,  the  efficiency  for  the 
production  of  carbon  dioxide  had  fallen  to  30%  while  the  efficiency  as  an 
ethylene  producer  was  still  in  the  vicinity  of  100%.  The  degree  to  which 
Reaction  1  was  induced  (Col.  17  of  the  table)  was  80%  to  82%  (Runs  1 
and  6)  in  the  first  run  and  then  fell  off  tmtil  in  Rtm  10  only  30%  of  the 
activity  of  the  catalyst  was  manifested  in  the  production  of  this  reaction. 
Ignition  of  such  a  catalyst  restored  to  it  the  property  of  producing  carbon 
dioxide  and  ethylene  in  the  former  ratio,  but  the  catalyst  decomposed 
only  Vt  to  */$  as  much  ester  in  a  given  length  of  time  as  did  a  fresh  catalyst 
(Runs   24  and   25). 

A  titania  catalyst  (Run  11)  ^owed  itself  to  be  31%  efficient  in  the  pro- 
duction of  carbon  dioxide  and  97%  efficient  in  producing  ethylene.  This 
result  is  almost  identical  with  that  obtained  by  the  use  of  a  used  alumina 
catalyst  in  Run  10.  On  the  other  hand,  a  titania  catalyst  (Run  26) 
prepared  from  titanous  chloride  (TiCls)  by  precipitation  of  the  blue 
titanous  hydroxide,  and  then  oxidizing  this  to  the  titanic  hydroxide  gave  a 
result  which  is  very  similar  to  that  obtained  with  a  fresh  alumina  catalyst; 
that  is,  the  catalyst  was  67%  efficient  in  producing  carbon  dioxide  and  90% 
efficient  in  producing  ethylene.  In  Run  27,  in  which  isapropyl  acetate 
was  the  ester  used,  the  efficiency  was  75%  for  carbon  dioxide  and  95%  for 
propylene,  the  reaction  going  according  to  Equation  1  to  the  extent  of  79%, 
a  value  which  is  very  nearly  the  same  as  that  obtained  with  a  fresh  alumina 
catalyst. 

A  thoria  catalyst  (Run  18)  prepared  by  the  ignition  of  the  nitrate 
gave  a  residt  similar  to  the  one  obtained  by  Sabatier.  It  showed  a  97% 
efficiency  in  the  production  of  carbon  dioxide  and  23%  for  ethylene. 

A  thoria  catalyst  (Rim  28)  which  had  been  prepared  by  precipitation 
of  the  hydroxide  was  approximately  as  efficient  as  a  carbon  dioxide-acetone 
producer  as  was  the  ignited  thoria  (Run  18)  catalyst,  but  it  was  much  more 
effective  in  the  production  of  ethylene.  It  showed  an  efficiency  of  94% 
as  a  carbon  dioxide  producer  and  78%  for  ethylene,  the  latter  figure  being 
more  than  three  times  as  large  as  that  for  the  ignited  catalyst  and  approach- 
ing in  magnitude  that  obtained  for  alumina. 

The  comparisons  just  made  of  the  various  catalysts  have  not  involved 
any  consideration  of  the  amounts  of  acetic  acid  and  acetone  produced. 
In  Col.  13  of  the  table  is  given  the  sum  of  the  amounts  of  the  ester  equiva- 
lent to  the  carbon  dioxide  and  acetic  acid  found.  This  amount  is  in  most 
runs  approximately  equal  to  the  amounts  of  ethyl  acetate  decomposed 
(Col.  4).  This  indicates  that  a  decrease  in  carbon  dioxide  production  is 
accompanied  by  an  equivalent  increase  in  the  amount  of  acetic  acid. 
Col.  15  of  the  table  gives  in  percentages  the  amount  of  acetone  found  in  the 
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distillate  as  compared  to  the  amotint  that  should  have  been  there  if  the 
weight  of  carbon  dioxide  obtained  had  been  taken  as  the  basis  of  the  calcula- 
ation.  It  may  be  seen  that  the  recovery  in  the  case  of  a  fresh  almnina  cata- 
lyst prepared  from  the  sulfate  is  52%  or  53%  (Rims  1  and  6)  and  45%  in 
the  catalyst  prepared  from  the  nitrate  (Rim  13).  Upon  continued  use  of 
the  catalyst,  the  acetone  recovery  increases  in  several  cases  to  over  70%. 
The  distillate  becomes  lighter  in  color  and  supposedly  the  condensing  power 
of  the  alumina  for  the  acetone  becomes  less.  That  alumina  does  have  a 
condensing  action  upon  acetone  is  shown  by  Runs  32  and  33.  Only  62 
to  65%  of  the  acetone  passed  over  the  catalyst  was  recovered  imchanged. 
That  the  action  was  a  condensing  one  is  indicated  by  the  facts  that  with 
the  pure  acetone  (Run  32),  (1)  only  a  small  amount  of  gas  was  formed, 
(2)  the  weight  of  the  distillate  was  only  one  gram  less  than  the  weight  of 
the  acetone  introduced,  and  (3)  the  distillate  showed  no  acidity  and  con- 
tained products  boiling  from  150  °  to  275  **. 

Runs  30  and  31  were  made  with  the  object  of  determining  the  effect  on 
the  efficiency  of  the  catalyst  of  long  continued  nms  and  of  previous 
drying  of  the  catalyst  at  the  temperature  at  which  it  was  later  to  be  used 
as  a  catalyst.  During  the  period  of  the  runs  there  was  no  marked  change 
in  the  ratio  of  the  gases  produced  by  the  decomposition.  The  results 
given  below  are  the  averages  of  the  observations  made  during  7-hour 
periods. 

Rim  30  (dried  catalyst) :  gas  per  cc.  AcOEt.  199  cc.  (42  cc.  of  CQ,,  148  cc.  of  C1H4) ; 
latio  1:3.5. 

Run  31  (undried  catalyst):  gas  per  cc  AcOEt,  245  cc.  (58  cc.  of  COi,  175  cc.  of 
CtHf);  1:3.0. 

These  results  show  that  the  imdried  catalyst  is  more  active  in  the  pro- 
duction of  both  gases  but  much  more  so  with  respect  to  carbon  dioxide 
(26%)  than  with  respect  to  ethylene  (11%). 

In  aU  of  the  work  discussed  the  production  of  the  unsaturated  hydro- 
carbon seems  to  vary  independently  of  theproduction  of  acetone,  acetic  acid, 
or  carbon  dioxide.  This  indicates  that  the  decomposition  studied  is  that 
of  the  acid  (or  add  residue)  and  of  the  alcohol  (or  alcohol  residue)  rather 
than  that  of  the  ester.  It  seems  that  saponification  of  the  ester  precedes 
decomposition.  A  further  study  of  the  saponification  of  esters  in  the  gas 
phase  is  anticipated. 

Sabatier*  explains  that  the  difference  in  the  decomposition  of  esters  by 
various  catalysts  is  due  to  the  relative  stabilities  of  the  intermediate  com- 
pounds formed  between  the  catalyst  and  the  acid  and  the  catalyst  and  the 
alcohol.  For  example,  if  the  instability  of  the  two  temporary  compounds 
is  of  the  same  order,  then  the  reaction  goes  according  to  Equation  1. 
If  the  salt  of  the  alcohol  is  more  rapidly  decomposed  than  that  of  the  acid, 
•  Ref.  1.  Compt.  rend.,  152, 669  (1911). 
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the  water  so  formed  reacts  with  the  salt  of  the  add,  liberating  the  add,  and 
the  reaction  goes  according  to  Equation  2.  It  is  difficult  for  us  to  beUeve 
that  thorium  ethoxide  is  more  unstable  when  the  catalyst  is  prepared 
from  the  nitrate  by  predpitation  than  it  is  when  the  catalyst  is  prepared 
from  the  nitrate  by  ignition,  or  that  titanium  acetate  is  more  unstable 
when  the  catalyst  is  prepared  in  solution  than  when  it  is  prepared  in 
some  other  way.  Yet  it  would  seem  necessary  to  make  this  assumption 
in  order  to  explain  our  experimental  results  according  to  Sabatier's  theory. 

Siunmary. 

1.  Experimental  confirmation  of  the  statement  that  alumina,  titania 
and  thoria  catalyze  specific  decompositions  of  ethyl  acetate,  has  not  been 
obtained.  The  results  obtained  by  us  indicate  that  in  determining  the 
order  of  efficiency  of  these  catalysts  for  these  reactions,  the  method  of 

.  preparation  of  the  catalyst  is  of  equal  if  not  of  greater  importance  than  the 
particular  metaUic  element  present  in  the  catalyst. 

2.  Evidence  is  presented  indicating  that  the  coiu-se  of  the  decomposition 
is  not  determined  by  the  relative  instabihty  of  the  salts  of  the  acid  and  of 
the  alcohol. 

3.  The  probabilities  are  that  saponification  of  the  ester  precedes  de- 
composition. 

4.  An  unignited  alumina  catalyst  prepared  from  the  hydroxide  exerts  a 
strong  condensing  action  upon  acetone  at  455**. 

Madison,  Wiscx>nsin. 


[Contribution  prom  thb  I/Aboratoribs  op  the  Tbxas  Company.] 

A   SIMPLER   METHOD    OF   DETERMINING   ACETYL   VALUES. 

By  I^bon  W.  Cook. 

Received  November  18,  1921. 

Lewkowitsch^  defines  the  acetyl  value  as  **the  number  of  milligrams  of 
potassium  hydrate  required  for  the  neutralization  of  the  acetic  add  ob- 
tained on  saponifying  one  gram  of  an  acetylated  fat  or  wax."  The  method 
for  determining  the  acetyl  value  as  outlined  by  Lewkowitsch  has  been 
adopted  as  the  standard  method  of  analysis.  This  method  of  obtaining 
the  acetyl  value  by  actual  titration  of  the  acetic  acid  used  in  acetylation, 
involving  as  it  does  the  separation  of  this  acetic  acid  by  somewhat  laborious 
means  can  be  considerably  improved.  This  value  may  be  obtained  more 
quickly  and  with  greater  accuracy  by  a  knowledge  of  the  saponifica- 
tion values  of  the  oil  before  and  after  acetylation.  This  involves  only 
an  operation  that  is  being  continually  performed  in  an  oil  laboratory. 

^  Lewkowitsch :   "Chemical  Analysis  of  Oib»  Pats»  and  Waxes/'  MacmiUan  and  Co., 
6th  ed.,  vol.  1,  p.  428. 
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This  method  was  first  suggested  by  M.  fimile  Andr^.*  He  gives  the 
following  formula, 

where  A  is  the  acetyl  value;  S  the  saponification  value  before  acetylation; 
S'  the  value  after  acetylation,  and  X  is  42/56=0.75. 

To  use  this  formula,  we  must  define  both  acetyl  and  saponification  values 
as  g.  instead  of  mg.  of  potassium  hydroxide  per  g.  of  material.  The 
latter  (mg.)  is  the  correct  definition  and  the  one  given  by  Andr^  himself. 
It  will  be  seen  upon  inspection  that  if  S  >  4/3,  his  acetyl  value  is  negative. 
In  order  to  use  the  values  as  correctly  defined,  we  must  give  X  the  value 
of  0.042/56  or  0.00075.  Andre's  derivation  of  his  formula  is  rather  in- 
volved, employing  the  limit  of  a  geometric  series,  and  is  confined  to  mono- 
hydric  alcohols.  Such  a  formula  will  be  derived  by  simple  algebra  and  the 
derivation  will  be  extended  to  include  polyhydric  alcohols.  By  alcohol 
is  meant  any  organic  hydroxy  compound  which  can  be  acetylated. 

Let  A  be  the  acetyl  value;  S,  the  neutral  saponification  value  before 
acetylation;  S',  the  value  after  acetylation;  a,  the  mol.  wt.  of  acetate; 
X,  the  mg.  of  acetate  in  1  gram  of  acetylated  oil,  and  n  the  ntunber  of 
hydroxyl  radicals  in  the  alcohol. 

In  the  equation  R(OH)»  +  nCHjCOOH  — >  (CHjCOO^R  +  HjO, 
a  —  n42  a 

the  difference  between  the  molecular  weight  of  an  alcohol  and  its 
corresponding  acetate  is  n42.    Every  a  mg.  of  acetate  corresponds  to 

n42^ 
a— «42  mg.  of  alcohol  in  the  oil,  and  every  x  mg.  of  acetate  to  r«; 

mg.  of  alcohol;  for  a:a'-n42::x:mg.  of  alcohol;  and  therefore  mg.  alcohol = 

ax  —  ft^x  n42x  ,,        ^  

=  X— •     X  Mg.  of  acetate  represents  a  gam  m  weight  m 

n42x  ^ 

acetylation  of mg.    Thus  1000  mg.  of  acetylated  material  containing 

n42x 
X  mg.  of  acetate  was  obtained  from  1000— mg.  of  original  oil.    So 

if  it  takes  5  mg.  of  potassium  hydroxide  to  saponify  1000  mg.  of  oil,  it 

/lOOO-!!^\                                         ^2x 
will  take  5    I    «_     I   mg.  to  saponify  1000 mg.     or    the 

V       1000        /  « 

amount  of  original  oil  in  1000  mg.  of  acetylated  material.    The  difference 

(fiOS)42x\ 
1 j  represents  the  difference  between  the  alkali  necessary 

>  AndrS,  CompL  rend.,  172, 984  (1921);  BuU.  soc.  chim.,  [4]  29, 746  (1921). 
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to  saponify  1  g.  of  acetylated  material  and  the  alkali  necessary  to  saponify 
the  original  oil  contained  in  that  amount.  This  difiference  is  therefore  the 
alkaU  necessary  to  neutralize  the  acetic  acid  obtained  from  1  g.  of  acetylated 
oil  or  is  the  acetyl  value. 

(CHjCOO),  R  +  iiKOH — >-nOH,COOK  +  R(OH). 

a  n56 

X  A  ^^ 

x:A^a:n56  andx=    -—■ 

»56  ^ 

Substituting 

(_i4tt\  /      0.042     \  0.0425 


1-0.000755 


By  a  similar  derivation  which  I  shall  not  give  in  detail  the  percentage 
of  alcohol  in  the  original  sample  may  be  found  providing  the  molecular 
weight  (M)  of  the  alcohol  is  known; 

%  alcohol «  — ^- - 

Summary. 
A  formula  has  been  derived  by  which  the  acetyl  value  of  an  oil  may  be 
calculated  from  the  saponification  value  before  and  after  acetylation. 
This  method  is  quicker  and  more  accurate  than  the  one  given  in  Lew- 
kowitsch,  commonly  used.  This  formula  has  been  used  extensively  in  this 
laboratory  with  very  satisfactory  results. 
Bayonnb,  Nbw  Jbrbsy. 
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[CoNiKiBunoN  ntoM  THE  Chemical  Laboratqrt  ot  the  Omo  State  UNivERSiry.} 

THE  ACTION  OF  SELENIUM  MONOCHLORIDE  UPON  PROPYL- 
ENE, BUTYLENE  AND  AMYLENE.^ 

By  C.  H.  Boord  and  F.  F.  Cope. 

RecdTed  November  25.  1921. 

Recent  publications  by  Heath  and  Semon^  and  by  Bauser,  Gibson  and 
Pope'  make  it  desirable  to  publish  an  extension  of  work  previously  done  in 
this  laboratory.* 

By  passing  ethylene  into  a  solution  of  selenium  monochloride,  Heath 
and  Semon  obtained  a  white  crystalline  compound  melting  at  118°,  which 
they  have  described  as  S3mimetrical  tetrachloro-diethyl  selenide.  Bauser, 
Gibson  and  Pope  by  the  same  reaction  obtained  the  crystalline  compotmd 
melting  at  122**,  and  have  described  it  as  jS,i8'-dichloro-diethyl  selenide 
dichloride.  Upon  reducing  this  substance  in  water  solution  with  sulfur 
dioxide  they  obtained  i8,/3'-dichloro-diethyl  selenide  as  a  colorless  oil  which 
solidified  when  cooled.  Basing  their  conclusions  upon  the  nature  of  the 
products  formed  and  upon  the  amount  of  selenium  recovered  these  authors 
have  represented  the  absorption  of  ethylene  as  follows. 
2C,H4  +  2Se,CI,  =  (ClCHOiSeCl, -f  3Se. 

Upon  extending  this  reaction  to  the  higher  olefins,  we  have  been  able  to 
show  that  the  equation  given  above  is  the  summation  of  two  perfectly 
definite  but  consecutive  reacticms. 

2C,H4  +  Se,CU  =  (ClCHOaSe  -f  Se  (1) 

(ClCHOiSe  +  ScCh  =  (ClCHOtSeCU  +  2Se  (2) 

By  passing  the  olefin  into  the  selenium  monochloride  as  the  workers 
mentioned  above  have  done,  the  ideal  conditions  for  completing  both 
stages  are  obtained.  The  action  may  be  stopped  at  the  end  of  the  fir^t 
stage  by  the  simple  process  of  reversing  the  order  of  bringing  together  the 
reagents. 

Preparation    of    Materials. 

Selenium  Monochloride. — ^The  method  described  by  Divers  and  Shunose*  and 
used  in  a  modified  form  both  by  Heath  and  Semon'  and  by  Bauser,  Gibson  and  Pope* 
is  suitable  for  obtaining  pure  selenium  monochloride.  In  this  work  the  monochloride 
was  always  used  in  solution,  so  a  more  direct  method  was  emploired .  Evans  and  Ramsay* 
have  pointed  ont  that  selenium  rapidly  absorbs  chlorine.  This  suggests  the  preparation 
of  the  chlorides  of  selenium  by  a  method  quite  analogous  to  that  used  for  the  preparation 
of  the  chlorides  of  sulfur. 

^  Read  before  the  Organic  Secridn  of  the  American  Chemical  Society  at  New  York 
City.  September  8,  1921.    See  Science,  54,  626  (1921). 

*  Heath  and  Semon,  /.  Ind.  Eng.  Chem.,  12,  1101  (1020). 

'  Bauser,  Gibson  and  Pope,  /.  Chem.  Soc.,  117,  1453  (1920). 
«  Burrell,  /.  Ind.  Eng.  Chem.,  11,  101  (1919). 

*  Divers  and  Shimose,  /.  Chem.  Soc.,  45, 198  (1884). 
'  Evans  and  Ramsay,  ibid,,  45,  62  (1884). 
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In  our  earlier  work  the  procedure  used  was  as  follows.  A  weighed  quantity  of 
finely  divided  metallic  selenium  was  placed  in  a  large  round-bottom  flask  which  had  been 
provided  with  inlet  and  outlet  tubes.  A  rapid  cturent  of  dry  chlorine  was  led  in,  close 
to  the  siuiace  of  the  selenium.  The  absorption  of  chlorine  was  very  rapid  even  at  room 
temperature.  The  reaction  took  place  with  much  heat  evolution  and  the  mixture  be- 
came first  pasty,  then  fluid  and  finally  quite  mobile.  The  rate  of  chlonnation  and  the 
stirring  were  so  adjusted  as  to  avoid  the  formation  of  the  yellowish-while  incrustation  of 
selenium  tetrachloride  on  the  walls  of  the  flask  and  surface  of  the  reaction  mixture  in  so 
far  as  possible.  Chlorination  was  stopped  somewhat  short  of  the  gain  in  weight  re- 
quired to  convert  the  selenium  completely  into  the  monochloride.  The  reactioa  mixture 
was  now  diluted  with  an  indifferent  solvent  sUch  as  chloroform,  carbon  tetrachloride  or 
benzene,  filtered  from  tmdissolved  selenium,  and  the  solution  of  selenium  chlorides  thus 
obtained  used  for  the  interaction  with  the  olefin. 

In  our  later  experiments  the  metallic  selenium  was  suspended  in  one  of  the  solvents 
mentioned  above  (benzene  being  used  only  after  it  had  been  shown  that  no  appreciable 
amount  of  the  chlorination  products  of  benzene  were  formed)  and  chlorine  led  in  with 
rapid  stirring.  In  a  typical  run  200  g.  of  selenium  was  placed  in  a  1-liter  flask  and 
covered  with  800  cc.  of  benzene.  Chlorine  was  passed  in  rapidly  until  89.46  g.  (1  atom 
equivalent)  had  been  absorbed.  The  absorption  took  place  with  the  evolution  of  heat 
and  almost  no  chlorine  escaped  from  the  reaction  chamber.  Filtration  left  a  little 
unchanged  selenium. 

By  neglecting  the  small  amount  of  selenium  dissolved  unchanged  one  may  calculate, 
from  the  weights  of  selenium  used  and  recovered  and  weight  of  chlorine  absorbed,  the 
approximate  amounts  of  selenium  mono-  and  tetra-chloride  formed.  That  such  an 
approximation  is  justified  is  shown  by  the  results  obtained  in  the  condensations  de- 
scribed below. 

Olefins. — ^Propylene,  butylene  and  amylene  were  prepared  from  the  corresponding 
monohydric  alcohols  by  the  contact  process.  The  alcohol  was  admitted  dropwise 
into  the  vertical  arm  of  an  iron  tube  38  mm.  in  diameter  and  120  cm.  lohg  mounted  on  a 
21 -burner  combustion  furnace.  Anhydrous  aluminum  sulfate  was  used  as  the  catalyst. 
In  the  preparation  of  amylene,  amyl  alcohol  was  passed  through  the  tube  at  a  tempera- 
ture oi  336®.  The  amylene  was  condensed,  separated  from  the  water,  dried,  and  frac- 
tionated. The  major  portion  boiled  at  40-41®.  Butylene  was  prepared  from  iV^butyl 
alcohol  at  a  temperature  of  340®  and  had  a  purity  of  92-95%  by  the  bromine  method. 
Propylene  was  prepared  from  «50propyl  alcohol  at  a  temperature  of  360®  with  a  purity  of 
90  to  91%. 

Experimental  Part. 

The  logical  condition  for  the  direct  preparation  of  W^CjS-chloro-alkyl) 
selenide  is  to  bring  the  selenium  monochloride  into  reaction  with  the  olefin 
in  such  a  way  that  the  latter  will  be  always  in  excess.  This  was  accom- 
plished by  spraying  the  monochloride  solution  into  an  atmosphere  of  the 
olefin.    The  following  general  procedure  was  used. 

A  2-liter,  3-necked  Pyrex  flask  served  as  the  reaction  chamber.  The 
large  middle  neck  was  provided  with  a  2-hole  stopper  bearing  a  stirring 
paddle  and  a  dropping  funnel.  The  stirring  paddle  was  provided  with  a 
merciuy  seal  and  2  sets  of  vanes,  one  for  agitating  the  reaction  mixttire  and 
one  passing  just  below  the  tip  of  the  dropping  fimnel  for  spraying  the 
monochloride  solution.  Through  one  side-neck  passed  an  inlet  for  the  olefin 
and  on  the  second  was  mounted  a  reflux  condenser 
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To  start  the  reaction,  200  cc.  of  anhydrotis  benzene  was  placed  in  the  re- 
action chamber  and  violently  agitated  by  mechanical  stirring.  The  olefin 
was  led  in  imtil  the  air  was  displaced  arid  the  solvent  satm-ated.  Selenimn 
monochloride  solution  in  benzene  was  now  permitted  to  flow  drop-wise  from 
the  dropping  funnel  onto  the  rapidly  moving  spray  paddles  at  such  a  rate 
that  the  olefin  could  always  be  maintained  in  excess.  The  reaction  was 
instantaneous,  the  walls  of  the  flask  becoming  coated  with  amorphous 
selenium.  After  the  addition  of  a  meastu-ed  quantity  of  the  monochloride 
solution,  the  agitation  was  continued  for  a  few  minutes  in  the  presence  of 
the  olefin  and  the  operation  interrupted.  The  reaction  mixture  was 
filtered  rapidly  by  suction  and  the  deposited  selenium  washed  with  an- 
hydrous benzene,  collected,  dried  and  weighed.  The  filtrate  was  evapo- 
rated and  the  oily  crude  product  purified  by  distillation  under  diminished 
pressiure. 

The  general  procedure  for  the  direct  preparation '  of  6i5(/3-chloro-alkyl) 
selenide  dichlorides  was  much  simpler.  Here,  it  was  sufiicient  that  the 
olefin  be  led  into  the  selenium  monochloride  solution  until  one  mol  had  been 
absorbed.  The  reaction  proceeded  with  heat  evolution  and  sometimes 
required  cooling.  When  the  reaction  was  completed,  the  mixttu-e  was 
filtered  warm  and  the  deposited  selenium  washed  repeatedly  with  warm 
benzene,  dried  and  weighed.  The  combined  filtrate  and  washings  were 
evaporated  to  crystallization  or  to  constant  weight  as  the  nature  of  the 
product  required. 

With  the  simpler  olefins  the  second  step  in  the  reaction  goes  quite  rapidly 
but  with  butylene  and  amylene  it  goes  more  slowly  so  that  a  longer  time  is 
required  for  the  reaction  to  be  completed. 

BfiO-chloropropyl)  Selenide.— Three  hundred  oc.  of  a  solution  of  selenium 
monochloride  in  benzene,  containing  93  g.  of  selenium  monochloride  (64.2  g.  of  selenium) 
was  led  drop-wise  into  an  atmosphere  of  propylene.  Thirty-two  g.  or  V»  of  the  seleniiun 
was  recovered  as  free  selenium.  The  oily  crude  product  obtained  upon  evaporation  of 
the  filtrate  was  purified  by  distillation  under  diminished  pressure.  B»5(/3-chloropropyl) 
selenide  was  obtained  as  a  lemon-yellow  oil  boiling  at  134 **  under  10  mm.  pressure. 

The  product  was  analyzed  by  digesting  the  sample  with  20  cc.  of  10%  sodium 
hydroxide  solution  for  30  minutes,  acidifying  with  nitric  add  and  titrating  by  the  Volhard 
method. 

Analyses.    Calc.  for  CeHi,CliSe:   d  30.26.    Found:  .30.33,  30.24. 

A'5(^-ehloropropyl)  Selenide  Dichloride. — Dry  propylene  gas  was  led  into  a  solu- 
tion of  93  g.  of  selenium  monochloride  (64.2  g.  of  selenium)  in  anhydrous  benzene  tmtil 
one  mol  had  been  absorbed.  The  propylene  was  rapidly  absorbed  with  heat  evolution. 
The  reaction  mixture  was  allowed  to  stand  for  24  hours  in  order  that  the  second  stage 
of  the  reaction  might  have  ample  time  to  be  completed. 

Theoretically,  48.15  g.  or  '/«  of  the  selenium  should  be  deposited  in  the  two  consec- 
utive stages  of  the  reaction;  45.5  g.  was  actually  recovered.  Upon  evaporation  of  the 
filtrate  a  white  aystalline  product  separated.  The  crude  product  was  recrystallized 
from  chloroform  and  dried  at  room  temperature.  Bij (/3-chloropropyl)  selenide  dichlo 
ride  was  obtained  as  white  crystals  melting  at  81  **, 
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Analysis,    Calcjor  CiHuCUSe:   CI,  46.46.     Found:  45.97. 

Bu(/3-€lilorobutyl)][Seleiiide  was  prepared  by  spraying  a  benzene  solution  of 
selenium  monochloride  into  an  atmosphere  of  butylene.  Two  hundred  and  fifteen  cc. 
of  selenium  monochloride  solution  containing  68  g.  of  the  monochloride  (47  g.  of  se- 
lenium) was  used,|[and  22.5  g.  (calc.  23.5  g.)  of  selenium  was  recovered.  The  crude 
product  obtained^by  evaporation  of  the  solvent  was  submitted  to  distillation  under 
reduced  pressure.  -B*5(/5-chlorobutyl)  selenide  was  obtained  as  a  yellow  oil  boiling 
at  138®  tmder  8  mm.  pressure.    The  product  slowly  darkens  upon  exposure  to  light. 

Analyses.    Calc.  for  CgHuCltSe:   CI,  27.02.    Found:   27.26,  27.29. 

Bi5(/9-chlorobatyl)  Selenide  Dichloride. — ^In  an  attempt  to  prepare  bis  (/3-chloro- 
butyl)  selenide  dichloride,  200  cc.  of  a  benzene  solution  containing  64  g.  of  selenium 
monochloride  (44  g.  of  selenium)  was  permitted  to  absorb  an  equimolecular  quantity 
of  dry  butylene.  The  reaction  mixture  was  allowed  to  stand  for  24  hours  and  was  then 
filtered .  Instead  of  the  calculated  33  g.  ('/O  only  26 .5  g.  of  selenium  was  recovered  as  free 
selenium.  The  oily,  crude  product  obtained  upon  evaporating  the  filtrate  could  not  be 
induced  to  crystallize.  It  was  decomposed  by  distillation  even  under  strongly  reduced 
pressure.  After  driving  off  the  benzene  as  completely  as  possible,  the  crude  product 
analyzed  with  the  following  results. 

Analyses.  Calc.  for CJIiiCUSe:  CI,  42.57;  calc.  for  CHitClsSe:  Q, 27.02.  Found: 
36.41.36.64. 

Both  the  chlorine  content  and  the  amount  of  selenium  recovered  indicate  that  the 
second  stage  of  the  reaction  did  not  go  to  completion. 

A  solution  of  15  g.  of  selenium  monochloride  (10.4  g.  of  selenium)  in  benzene  was 
treated  with  an  equimolecular  quantity  of  6(5(/3-chlorobutyl)  selenide.  The  reaction 
began  immediately  with  the  deposition  of  selenium.  After  standing  for  24  hours  at 
room  temperature,  the  reaction  mixture  was  filtered,  whereupon  7  g.  (calc.  10.4  g.) 
of  selenium  was  recovered. 

The  chlorine  content  of  the  crude  product  is  near  that  requb-ed  for  the  unsym- 
metrical  trichloro  derivative,  /5,/3-dichloro-butyl-/5'-chlorobutyl  selenide.  That  this 
product  is  not  present  in  quantity,  however,  is  evidenced  by  the  fact  that  when  the  crude 
product  is  reduced  in  water  solution  with  sulfur  dioxide  and  the  resulting  oil  dried 
and  purified  it  distils  at  138  **  under  8  mm.  pressure,  shows  by  analjrsis  a  chlorine  con- 
tent of  26.82%  and  is  thus  identical  with  M5(/3-chlorobutyl)  selenide. 

Bi5(}3-chloro-Amyl)  Selenide. — Since  amylene  is  a  liquid  at  room  temperature, 
the  operation  in  this  case  becomes  quite  simple.  Thirty-five  g.  (^/t  mol)  of  amylene  was 
dissolve  in  200  cc.  of  anhydrous  benzene  in  the  reaction  chamber.  A  solution  of  57.5  g. 
(V4  mol)  of  selenium  monochloride  in  anhydrous  benzene  was  added  drop-wise  with 
stirring.  When  the  reaction  was  complete,  the  selenium  was  filtered  o£f,  washed  with 
benzene  and  weighed.  Of  the  39.6  g.  of  selenium  used,  19.5  g.  was  recovered  as  free 
selenium.  The  crude  product  obtained  by  evaporating  the  solvent  was  submitted 
to  fractionation  under  diminished  pressure.  Bi5(/3-chloro-amyl)  selenide  was  obtained 
as  a  reddish-yellow  oil  boiling  at  158^  under  10  mm.  pressture.  The  product  cannot 
be  completely  distilled  even  under  10  mm.  pressture  with  partial  decomposition. 

Analyses.    Calc.  for  C,oH»CliSe:  CI,  24.41.    Found:  23.92,24.43. 

Bi50-€hloro-amyl)  Selenide  Dichloride. — In  an  attempt  to  prepare  &tj(^-chloro- 
amyl)  selenide  dichloride,  35  g.  (Vs  mol)  of  amylene  was  gradually  added  to  115  g. 
(Vs  tnol)  of  selenimn  monochloride  with  stirring.  Free  selenium  was  deposited  immedi- 
ately. After  standing  for  24  hours,  the  reaction  mixture  was  filtered,  and  48  g.  (calc. 
59.7  g.)  or  'A  of  the  selenium  was  recovered.  The  chlorine  content  of  the  crude  oil  lay 
between  that  of  the  selenide  and  its  dichloride. 
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Analyses.    Calc.  for  C»H«Cl,Se:    CI.  24.41;  calc.  for  CuftoCl^Se:    CI,  39.27. 
Found:   CI.  29.44,  29.79. 

By  fractional  distillation  under  diminished  pressure  there  was  obtained  a  quantity  of 
reddish-yellow  oil  boiling  at  158**  under  10  mm.  pressure.  This  product  is  doubtless 
unchanged  ^(/3-chloro-amyl)  selenide. 

Analyses,    Calc.  for  CoHjoCltSe:  CI,  24.41.    Found:  24.97,24.85. 
A  sedation  of  15  g.  of  selenium  monochloride  in  benzene  was  treated  with  a  benzene 
solution  of  ^(/3-chloro-amyl)  selenide  in  equimolecular  quantities.     Of  the  theoretical 
10.4  g.  of  free  selenium,  6  g.  was  recovered. 

Discussion   of   Results. 

The  above  results  demonstrate  beyond  question  that  the  relation  between 

the  two  products  described  for  a  given  olefin  is  the  same  as  that  of  alkyl 

selenide  and  corresponding  alkyl  selenide  dichloride.    The  equation  used 

to  explain  the  mechanism  of  their  formation  will  depend  upon  the  structiu-e 

accepted  for  selenium  monochloride.    The  structure  most  adaptable  is  that 

suggested  by  Konek-Norwall^  which  represents  it  as  unsymmetrical  di- 

CK 
chloro-disetenide  p-^Se  =  Se.    In  fact,  the  authors  believe   the   results 

obtained  in  the  syntheses  described  above  to  be  strong  evidence  of  the 
correctness  of  the  unsymmetrical  structiu-e  of  selenium  monochloride. 

Using  the  imsymmetrical  structure  for  selenium  monochloride,  the  ab- 
sorption of  olefins  may  be  expressed  as  follows. 

C«Hf»        Civ  ClC«Hi«v 

+       \Se=Se  — >  \Se  +  Se 

Caii«       CK  C1C.H,*/ 

This  is  the  first  stage  of  the  reaction  and  represents  what  takes  place  when 
selenium  monochloride  is  brought  into  an  excess  of  the  olefin.  The  con- 
version of  alkyl  selenides  into  their  dichlorides  by  direct  chlorination  or 
by  further  reaction  with  active  chlorides  is  a  well-known  reaction.'  This 
accounts  for  the  second  stage  of  the  reaction  which  takes  place  when  the 
olefin  is  led  directly  into  selenium  monochloride  solution. 

C1C«H,«.  CL  ClCJI,,v 

\Se+       )>Se=Se — ►  >SeCl,  +  2Se 

C1C»H,X  CK  C1C,H,»/ 

The  simple  selenide  first  formed  is  converted  by  the  excess  of  seleniiun 
monochloride  into  the  selenide  dichloride,  setting  free  2  additional  atoms  of 
selenium. 

The  summation  of  these  two  equations  is  analogous  to  that  given  by 
Pope  and  his  co-workers.' 

2Ci3f  +  2Cl,Sci  =  (ClC»H,.),SeCli  +  3Se 


'  Konek-Norwan,  Oesterr.  Chem,  Ztg.,  16, 288  (1913). 

*  Joy,  Ann.,  86, 35  (1863).    Jackson,  ibid.,  179, 1  ( 1875). 
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The  Chemistry  of  the  Formation  of  Mustard  Gas. 

The  chemistry  involved  in  the  preparation  and  properties  of  the  selenium 
derivatives  is  of  interest,  further,  in  the  light  it  sheds  upon  the  formation 
of  the  mustard  gas  from  sulfur  monochloride.  Accepting  an  analogous 
structm-e  for  sulfiu-  monochloride  the  absorption  of  ethylene  may  be  ex- 
pressed 


In  this  case  the  persulfide  sulfur  atom  being  more  like  chlorine  does  not 
always  split  oflf  spontaneously.  This  structm-e,  which  has  already  been 
suggested  by  Green,*  readily  accounts  for  the  formation  of  mustard  gas 
polysulfides,  the  existence  of  which  has  been  so  clearly  demonstrated  by 
Conant,  Hartshorn  and  Richardson.*®  The  mechanism  of  this  polysidfide 
formation  is  probably  quite  analogous  to  that  by  which  hypochlorites  are 
converted  into  chlorates. 

5(ClCiH4),S  =  S  «  4(ClCJH[4)ivS  -f  (ClCJHOiSS* 
3KC10  =  2KC1  -f  KClOi. 

The  tendency  of  sulfur  and  selenium  to  seek  a  higher  valence  when  in  the 
form  of  their  alkyl  derivatives  may  also  be  an  explanation  of  the  fact  ob-  ^ 
served  by  Conant,  Hartshorn  and  Richardson  that  the  chlorides  of  sulfur, 
particularly  the  dichlorides,  rapidly  absorb  only  one  molecular  quantity  of 
ethylene,  when  ethylene  is  led  into  the  sulfur  chloride  solution. 

(ClCHOiS  =  S  +  CljSi  =  (C1CJI4)»SC1,  +  3S 
or 

(C1CH4),S  +  CliS  =  (aCH4)tS.SCl,  =  (ClCjH4)jSCl,  +  s, 
the  hypothetical  mustard  gas  dichloride  undergoing  spontaneous  decom- 
position with  the  evolution  of  hydrogen  chloride  and  the  simultaneous 
formation  of  the  trichloro  derivative. 

ClCsH4y  ClsCiHtv 

\SC1,=»  \S  +  HC1 

CICH4/  CICH*/ 

In  this  connection  it  is  interesting  to  note  the  observations  of  Williams,*^ 
who  says:  *'It  is  essential  that  the  reaction  between  ethylene  and  sulfur 
monochloride  be  completed  in  the  minimum  possible  time;"  and  also  of 
Gibson  and  Pope,**  who  state:  **The  sulfiu*  dichloride  method  is  diflScult 
to  control,  because  18,18 '-dichloro-ethyl  sulfide  is  acted  on  rapidly  by  sulfur 
dichloride;  it  is  necessary  that  little  or  no  sulfiu-  dichloride  remain  long  in 
contact  with  the   /3,/3'-dichloro-ethyl  sulfide  produced."    Meyers*'  has 

•  Green,  /.  Soc,  Chem.  Ind.,  38,  469R  (1919). 

"  Conant,  Hartshorn  and  Richardson,  This  Journal,  42,  585  (1920). 

"  WUliams,  /.  Soc.  Chem.  Ind.,  38,  451R  (1919). 

"  Gibson  and  Pope,  /.  Chem.  Soc.  117,  271  (1920). 

"  Meyers,  /.  Soc.  Chem.  Ind.,  39,  66T  (1920). 
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reported  that  by  spraying  sulfur  dichloride  into  an  atmosphere  of  ethylene 
he  was  able  to  obtain  mustard  gas  of  93%  purity  after  one  distillation. 

Summary. 

1.  The  reaction  between  selenium  monochloride  and  olefins  is  shown  to 
take  place  in  two  stages. 

2.  By  spraying  the  monochloride  or  its  solution  into  an  atmosphere  of 
olefin  the  reaction  may  be  stopped  at  the  first  stage.  In  this  manner  bis- 
(j8-chloropropyl)  selenide,  W5(i8-chlorobutyl)  selenide,  and  W5(/3-cliloro- 
amyl)  selenide  have  been  prepared,  and  their  properties  described. 

3.  By  leading  the  olefin  into  selenium  monochloride  or  its  solution  the 
above  products  are  acted  upon  by  the  excess  of  the  monochloride,  being 
converted  into  W^CjS-chloropropyl)  selenide  dichloride,  W5(/3-chlorobutyl) 
selenide  and  W5(i8-chloro-amyl)  selenide  dichloride,  respectively.  This 
constitutes  the  second  stage  of  the  reaction. 

4.  The  mechanism  of  the  reaction  between  selenium  monochloride  and 
olefins  is  formulated,  using  the  unsymmetrical  structure  for  selenium 
monochloride.  The  quantitative  results  obtained  in  these  syntheses  is 
c^ered  as  evidence  in  favor  of  the  unsymmetrical  structure  for  selenium 
monochloride. 

5.  The  same  mechanism  has  been  applied  to  explain  the  formation  of 
mustard  gas  from  ethylene  and  sulfur  monochloride.  The  possibility 
of  preparing  mustard  gas  by  spraying  sulfur  monochloride  is  again  pointed 
out. 

Columbus,  Omo. 


[Contribution  prom  thb  Carbohydratb  Laboratory,  Burbau  op  ChsmistrY' 
U.  S.  Dbpartmbnt  op  Agriculture.  ] 

CRYSTALLINE  CHLORO-TETRA-ACETYL  MANNOSE. 

By  D.  H.  Brauns. 

Received  November  25,  1921. 

A  halogenated  derivative  of  an  acetylated  sugar  was  first  obtained  by 
Colley*  by  the  action  of  acetyl  chloride  on  glucose  in  a  sealed  tube  at  room 
temperature.  The  author,  however,  succeeded  only  twice  in  crystallizing 
the  syrupy  chloro-tetra-acetyl  glucose.  As  this  derivative  was  foimd  to 
be  a  vaJuable  intermediate  for  preparing  synthetic  glucosides,*  many 
chemists  have  studied  different  methods  for  preparing  crystalline  halo- 
genated acetyl  derivatives  of  sugars.  Koenigs  and  Knorr'  prepared 
bromo-acetyl  glucose  in  a  crystalline  condition  by  shaking  glucose  with 
acetyl  bromide  at  ordinary  temperature,  the  derivative  separating  from  the 

>  CoUcy,  Ann,  chim.  phys.,  [4]  21, 367  (1870).       • 

« Michael,  Am.  Chem.  /.,  1,  305  (1879). 

»  Koenigs  and  Knorr,  Ber.,  34,  957  (1901). 
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concentrated,  washed  and  dried  ether  solution.  This  method  was  success- 
fully  simplified  by  Moll  van  Charante/  who  found  that  shaking  was  not 
necessary. 

More  recent  investigators  successfully  used  the  fully  acetylated  sugar 
as  an  intermediate.    Von  Arlt*  obtained  crystalline  chloro-acetyl  glucose 
by  the  action  of  phosphorus  pentachloride  and  aluminum  chloride  on  a 
solution  of  penta-acetyl  glucose  in  chloroform.    Bodart*  prepared  crys- 
talline chloro-acetyl  lactose  by  suspending  lactose  in  acetic  anhydride  and 
passing  hydrogen  chloride  into  the  mixture.    Skraup  and  Koenig^  used 
Bodart's  method  on  cellose,  obtaining  crystalline  chloro-acetyl  cellose. 
Pischer  and  ArmstroQg*  used  dry  hydrogen  chloride,  acetyl  chloride  and 
hydrobromic  add  on  the  fully  acetylated  sugar  imder  high  pressture  at 
room  temperature,  and  obtained  in  this  way  crystalline  chloro-  and  bromo- 
acetyl  glucose,  as  well  as  crystalline  chloro-acetyl  galactose  and  chloro- 
acetyl   maltose.    Ryan   and  Mills*   prepared   crystalline   chloro-acetyl 
arabinose  by  the  action  of  acetyl  chloride  on  arabinose  in  an  open  vessel. 
Crystalline  chloro-acetyl  xylose  was  obtained  by  Ryan  and  Ebrill^®  by 
treating  xylose  with  acetyl  chloride  at  0°.    The  corresponding  crystalline 
bromo-acetyl  xylose  has  also  been  prepared*^  by  the  action  of  a  concen- 
trated solution  of  hydrobromic  add  in  acetic  anhydride  on  xylose.    B. 
Fischer  and  H.  Fischer^*  have  devised  a  method  for  preparing  bromo- 
acetyl  lactose  by  the  action  of  a  saturated  solution  of  hydrobromic  acid  in 
glacial  acetic  add  on  octa-acetyl  lactose  at  room  temperature,  no  sealing  of 
the  vessel  being  necessary.    This  method  was  recognized  as  one  of  the 
simplest  ways  to  obtain  the  reactive  bromo-acetyl  derivatives  of  many 
sugars,   and  crystalline  bromo-acetyl  rhamnose  was  prepared.^*    The 
procedure  for  the  preparation  of  bromo-acetyl  glucose**  was  described  in 
detail  and  the  possibility  of  preparing  the  earlier  reported  a  halogenated 
derivatives  of  the  sugars  according  to  any  description  of  their  preparation 
was  denied,  as  all  the  described  methods  yidded  the  fi  halogenated  de- 
rivatives of  the  sugars.    These  earlier  reported  a  derivatives  are  also 

« Moll  van  Charante.  Rec,  irav.  Mm.,  21,  42  (1002). 

*  Von  Arlt,  Monatsh.,  22|  144  (1001).  See  also  ^craup  and  Kremann,  ibid.,  22, 
373  (1001). 

•  Bodart,  ibid.,  22, 1033  (1001);  23, 1  (1002). 
Y  Skraup  and  Koenig,  ibid.,  22, 1033  (1001). 

*  Fischer  and  Armstrong,  Ber.,  34, 2885  (1001). 

•  Ryan  and  MiUs,  /.  Chem.  Soc.,  79, 704  (1001). 

>*R7an  and  EbriU,  Proc,  Roy.  Dublin  Soc.,  11,  240  (1003-8).  See  also  Hudson 
and  Johnson,  This  Journal,  37, 2751  (1015). 

1^  Dale,  This  ibid.,  37, 2745  (1015).   See  also  Hudson  and  Johnson,  Ref.  10. 

"  K.  Fischer  and  H.  Fischer.  Ber.,  43,  2530  (1010). 

"Fischer  and  Oetker,  ibid.,  46,  4035  (1013).  See  also  Fischer.  Bergmann  and 
Rabe,  ibid.,  53,  2370  (1020). 

>«  Fischer,  ibid.,  44,  1003  (1011). 
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given  in  several  handbooks.    Crystalline  a-  and  /9-cliloro-tetra<acetyl 
fructose  have^ however,  been  prepared.** 

This  introductory  study  of  the  Uterature  discloses  that  mannose  is  the 
only  readily  available  sugar  from  which  a  crystalline  halogenated  acetyl 
derivative  has  not  yet  been  prepared.  Non-reducing  sugars,  as  sucrose, 
need  not  be  considered,  as  they  do  not  contain  a  labile  hydroxyl  group 
easily  replaceable  by  halogen.  Fischer  and  Hirschberger**  in  1889  applied 
Colky's  method  to  mannose  by  shaking  this  sugar  with  5  parts  of  acetyl 
chloride,  and  obtained  a  syrupy  chloro-tetra-acetyl  mannose  with  properties 
analogous  to  those  of  the  syrupy  chloro-tetra-acetyl  glucose  of  Colley .  Later 
Fischer  and  Oetker*^  succeeded  in  obtaining  /3-penta-acetyl  mannose  in 
a  crystalline  state  by  acetylating  with  certain  precautions.  They  tried 
Fischer's  bromination  method  on  this  crystalline  compound,  using  a 
saturated  solution  of  hydrobromic  acid  in  glacial  acetic  acid  but  were  not 
successful  in  crystallizing  the  syrupy  bromo-acetyl  mannose. 

Theoretical  Considerations. 
By  applying  the  method  of  von  Arlt*  with  some  important  modifications, 
fully  described  in  the  following  pages,  it  has  been  possible  to  prepare 
crystalline  chloro-tetra-acetyl  mannose,  and  to  open  the  way  for  the 
preparation  of  several  derivatives  of  this  sugar.  The  behavior  of  the 
halogenated  tetra-acetyl  derivative  of  mannose  toward  methyl  alcohol 
and  silver  carbonate  (reaction  of  Koenigs  and  Knorr)  promises  to  be  of 
special  interest  on  account  of  the  analogy  in  the  structures  of  mannose  and 
rhamnose.  These  two  sugars  differ  only  in  that  the  methyl  group  in 
rhanmose  is  replaced  by  the  CHsOH  group  in  mannose. 

H    OH  H    OH  OCH, 

r-C  I C  1         CHiOCBr  I CF 

HCOH  I      HCOH  2  HCOAc  I       Hfcc 


LHCOH             I      H( 
-CH  I ( 


:OAc 

HCOH  3  HCOAc  I       HCOAc 

I                 I  I 

-CH        4      HOCH       » CH 


I 
HOCH         HOCH        5     AcOCH 


HOCH 

CH,  CHK)H  6  CH,  CH, 

rhanmose  /-mannose 

a)  (n)  (III)  (IV) 

The  interesting  results  obtained  by  Fischer,  Bergmann  and  Rabe**  have 

"Brauns,  This  Journai..  42,  1846  (1920).  See  also  Jaeger,  Verslag.  Akad, 
Wetenschappen  Amsterdam,  29,  150  (1920). 

»  Fischer  and  Hirschberger.  Ber„  22,  3224  (1889). 

"  Fischer  and  Oetker,  Ref .  13.  See  also  Hudson  and  Dale,  Tms  Journai,,  37, 
1280  (1915). 

»  Ref.  13. 
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established  the  fact  that  the  reaction  of  Koenigs  and  Knorr  applied  to 
crystalline  bromo-tetra-acetyl  rhanmose  yields  a  mixture  of  3  different 
methyl  tri-acetyl  rhamnoses^  notwithstanding  the  results  of  several  experi- 
ments which  showed  that  crystalline  bromo-tri-acetyl  rhanmose  is  not  a 
mixture  but  one  chemical  individual.  This  peculiar  behavior  can  be 
explained  only  in  the  following  way.  First,  addition  of  methyl  alcohol 
takes  place  by  breaking  the  oxygen  ring,  the  available  new  valences  being 
saturated  by  CHaO  and  (0)H  groups  (III).  This  substance  splits  off 
hydrogen  bromide  in  the  4-1  position,  by  which  ordinary  fi  methyl  tri- 
acetyl  rhamnose  is  formed  (IV).  At  the  same  time  the  addition  product 
undergoes  intermolecular  rearrangement  by  which  the  hydrogen  of  the 
hydroxyl  group  in  the  position  changes  place  with  the  acetyl  group  in  the 
third  or  the  fifth  position,  which  ultimately  leads  to  the  formation  of 
two  other  methyl  tri-acetyl  rhamnoses,  having  their  oxygen  ring  formation 
in  the  1-3  or  the  l«-5  position.  This  explains  the  formation  of  the  3 
methyl  tri-acetyl  rhamnoses.  One  of  these  three  compounds  loses  only 
2  acetyl  groups  on  alkaline  hydrolysis.  The  third  acetyl  group  is  re- 
moved only  on  acid  hydrolysis,  a  peculiarity  which  is  well  explained  by 
its  formula,  as  the  1-3  position  of  the  oxygen  ring  protects  one  acetyl 
group.  This  behavior  of  bromo-acetyl  rhamnose  differs  from  that  of 
chloro-  or  bromo-tetra-acetyl  glucose  and  galactose  which  yield  only  one 
derivative  each,  the  /3-methyl  tetra-acetyl  derivative,  having  the  oxygen  ring 
formation  in  the  1-4  position.  This  behavior,  however,  as  will  be  reported 
in  detail  later,  resembles  that  of  the  crystalline  chloro- tetra-acetyl  mannose, 
which  also  gives  a  mixture  of  various  methyl  tetra-acetyl  mannoses,  in 
spite  of  the  fact  that  crystalline  chloro-tetra-acetyl  mannose  is  a  pure 
substance,  not  a  mixture. 

Bzperimental  Work. 

Crystalline  /3-penta-acetyl  mannose  was  obtained  by  acetylating  /3- 
mannose  at  0°  with  acetic -anhydride  and  zinc  chloride.^*  This  penta- 
acetyl  mannose  was  converted  into  chloro-tetra-acetyl  mannose  by  apply- 
ing, with  certain  modifications,  the  method  which  von  Arlt*  used  for  pre- 
paring chloro-acetyl  glucose.  It  is  especially  important  that  ether  must 
not  be  used,  and  that  the  reaction  product  be  freed  as  completely  as  possible 
from  chloroform  before  petroleum  ether  is  added. 

Method  of  Preparation. — ^Fifteen  g.  of  crystalline  /3-penta-acetyl  mannose  was 
dissolved  in  30  cc.  of  dry  chloroform  in  an  Erlenmeyer  flask  with  glass  stopper,  and  4  g. 
of  dry  (sublimed)  aluminum  chloride  and  9  g.  phosphorus  pentachloride  added.  The 
mixture  was  slightly  warmed  on  the  steam-bath  in  order  to  keep  the  reaction  going 
slowly,  shaking  not  being  necessary.  After  Vs  to  1  hour,  in  which  nearly  all  of  the  alumi- 
num chloride  and  phosphorus  pentachloride  had  disappeared  forming  a  greenish  solution, 
the  reaction  product  was  cooled  and  thoroughly  shaken  in  a  separatory  funnel  with  ice- 

"  Hudson  and  Dale,  Ref .  17. 
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water  and  pieces  of  ice.  The  watery  solution  was  drawn  off  knd  the  shaking  Mrith  ice- 
water  repeated  thrice.  The  watery  solution  may  be  shaken  again  with  chloroform,  and 
the  chloroform  extract  added  to  the  main  part  before  a  new  portion  of  ice- water  is  added. 
The  chloroform  solution  was  dried  with  anhydrous  sodium  sulfate,  evaporated  in  vacuo, 
and  the  resulting  solution  heated  on  the  steam-bath  at  moderate  temperature  with 
constant  stirring  until  the  chloroform  was  evaporated  as  completely  as  possible.  The 
syrupy  residue  may  be  dried  in  a  vacuum  desiccator  in  order  to  remove  traces  of  chloro- 
form. The  dry,  colorless  residue  was  stirred  with  a  small  amount  of  petroleum  ether, 
and  the  sides  and  bottom  of  the  crystallizing  dish  scratched.  If  crystallization  does 
not  occur,  the  petroleum  ether  may  be  poured  off  and  replaced  by  a  little  fresh  petro- 
leum ether  and  the  mixture  cooled  and  stirred.  After  crystallization  had  started,  the 
whole  mass  solidified  and  no  difficulty  was  encountered  in  crystallizing  subsequent 
preparations.  For  reoystallizing,  the  nearly  pure  product  was  reduced  to  a  fine  powder, 
boiled  with  100  cc.  of  petroleum  ether  (b.  p.  30-^5°),  and  the  boiling  solution  rapidly 
filtered  through  a  folded  filter  into  a  beaker.  This  solution  was  kept  separate,  as  it 
contained  most  of  the  impurities.  The  extraction  was  repeated  4  times  with  200  cc.  of 
petroleum  ether.  By  evaporating  the  petroleum  ether  in  the  air  (in  the  hood)  beautiful, 
brilliant  crystals  were  deposited.  These  were  found  to  be  piu-e  chloro-tetra-acetyl 
mannose,  as  repeated  fractional  crystallization  did  not  change  the  melting  point  or 
specific  rotation.    The  yield  was  about  9  g.,  or  64%  of  the  calculated  amount. 

Identification  and  Properties. — Combustion  with  lead  chromate  gave 
the  following  results. 

Subs.,  0.2412,  0.2427:  COi,  0.4033,  0.4066;  H,0,  0.1136,  0.1167.  Calc.  for  CtHjO- 
(CaiiO,)4Cl:   C,  45.83;  H,  5.22.    Found:   C,  45.61,  45.68;  H,  5.27,  5.38. 

A  chlorine  determination  on  the  original  substance  gave  the  following  data.  Subs. 
0.2196:  AgQ  (Carius),  0.0847.    Calc.  for  C«H70(C2H,0,)4C1:  CI,  9.67.    Found:  9.54. 

The  quantitative  estimation  of  acetyl  was  combined  with  the  quantitative  estima- 
tion of  chlorine  by  the  following  method.  0.6000  g.  of  finely  powdered  substance  was 
saponified  by  shaking  with  181.3  cc.  of  0.1  iV  sodium  hydroxide  solution  for  7  hours  at  0^ 
and  titrating  with  0.1  i^  sulfuric  acid  and  phenolphthalein.  For  neutralization  99.1  cc. 
of  0.1  iV  sulftuic  acid  was  required;  hence  82.2  cc.  of  0.1  N  sodium  hydroxide  had  been 
neutralized.  An  excete  of  silver  nitrate  solution  was  added  to  the  warm  neutral  solution 
and  the  precipitate  filtered  on  a  weighed  Gooch  crucible.  0.2340  g.  of  silver  chloride, 
equivalent  to  9.65%  of  the  chlorine  in  the  substance,  was  obtained.  The  0.2340  g.  of 
silver  chloride  had  been  formed  from  an  amount  of  hydrochloric  acid  corresponding  to 
16.3  cc.  of  0.1  iV^ hydrochloric  acid;  hence  in  0.6000  g.  of  substance  82.2-65.3  «65.9  cc. 
of  0.1  iV  solution,  or  65.9%  acetic  add,  was  found.  In  a  similar  experiment,  9.61%  of 
chlorine  and  65.9%  of  acetic  acid  were  found.  The  theoretical  quantities  for  chloro- 
tetra-acetyl  mannose  are  9.67%  of  chlorine  and  65.5%  of  acetic  acid. 

For  identifying  the  preparation  as  a  mannose  derivative,  the  liquids  resulting  from 
these  estimations  were  concentrated  and  filtered,  and  a  concentrated  solution  of  0.7  g. 
of  phenylhydrazine  in  dil.  acetic  acid  was  added.  After  standing  for  a  short  time,  the 
separated  hydrazone  was  filtered  off  and  washed  with  ice-water,  alcohol  and  ether. 
The  yield  was  0.6  g.  of  pure  mannose  phenylhydrazone,  identified  by  its  melting  point. 
Since  no  particular  precautions  were  taken  for  obtaining  quantitative  results,' it  may  be 
mentioned  that  0.9  g.  of  mannose  phenylhydrazone  is  the  theoretical  amount  obtainable 
from  1.2  g.  of  chloro-tetra-acetyl  mannose.  A  small  amount  of  crystalline  mannose, 
identified  by  its  melting  point  and  specific  rotation,  was  also  obtained  by  boiling  chloro- 
tetra-acetyl  mannose  for  5  hours  under  a  reflux  condenser  with  0.1  iV  sulfuric  acid,  pre- 
cipitating the  sulfuric  acid  and  hydrochloric  acid  with  barium  hydroxide  and  silver 
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acetate,  and  extracting  the  concentrated  filtrate  with  absolute  alcohol.  Crystalline 
mannose  separated  on  evaporating  the  alcohol  in  a  vacuum  desiccator. 

The  molecular  weight  of  chloro-tetra-acetyl  mannose  was  determined  by  the  lower- 
ing of  the  freezing  point  of  benzene.  In  three  experiments,  3.8664, 6.6319  and  8.2d38  g. 
of  substance  per  100  g.  of  benzene  gave  the  respective  depressions  0.523  ^  0.890''  and 
1.090**,  from  which  the  values  370,  372  and  380  are  obtahied  for  the  molecular  weight 
in  comparison  with  the  theoretical  value  367. 

The  specific  rotation  was  measured  in  chloroform  solution.  1.1497  g.  of  once 
recrystallized  chloro-tetra-acetyl  mannose  was  made  up  to  25  cc.  with  U.  S.  P.  chloroform . 
The  rotation,  measured  in  a  2dcm.  tube  at  20**  with  sodium  light,  was  8.18  drcnlar 
degrees  to  the  right:  hence  [apD=  +88.9.  After  a  second  recrystallization  from 
petroleum  ether,  1.4038  g.  of  substance  made  up  to  25  cc.  with  chloroform  produced 
a  rotation  in  a  2dcm.  tube  of  10.068  circular  degrees  to  the  right;  hence  [a]^s89.64. 
After  a  third  recrystallization  from  petroleum  ether,  1.0358  g.  of  substance  made  up  to 
25  cc.  with  chloroform  produced  a  rotation  in  a  2dcm.  tube  of  7.416  circular  degrees  to 
the  right;  hence  [a]^^^  +89.50,  which  is  taken  as  the  specific  rotation  of  the  pure 
substance.  Chloro-tetra-acetyl  mannose  is  a  stable  substance,  as  it  was  kept  in  a  desic- 
cator during  the  hot  summer  months  without  decomposition.  The  mdting  point 
is  81"*.  It  is  colorless  and  odorless,  has  a  bitter  taste  and  is  very  soluble  in  the  usual 
solvents  other  than  water  and  petroleum  ether. 

Summary. 

Chloro-tetra-acetyl  mannose,  hitherto  known  only  in  the  form  of  a 
syrup,  has  been  obtained  in  crystalline  form. 

The  behavior  of  the  crystalline  substance  toward  methyl  alcohol  and 
silver  carbonate  (reaction  of  Koenigs  and  Knorr)  is  analogous  to  that  of 
bromo-tri-acetyl  rhamnose.  This  is  well  accounted  for  by  then:  structural 
formulas  given  in  this  paper. 

In  the  caise  of  chloro-tetra-acetyl  mannose,  this  reaction  leads  to  various 
methyl  tetra-acetyl  derivatives  and  in  this  respect  chloro-tetra-acetyl 
mannose  differs  from  the  corresponding  derivatives  Of  glucose  and  galac- 
tose, which  yield  only  one  methyl  tetra-acetyl  derivative. 

This  difference  in  behavior  may  lead  to  a  more  detailed  knowledge  of  the 
arrangement  of  the  constituent  parts  of  their  molecules. 
Washington,  D.  C. 


Digitized  by  LjOOQ IC 


NBW  HYDROXAMIC  ACIDS.  407 

[Contribution  from  tbh  Chemical  Imboratory  of  Princeton  Univsrsity.] 

NEW  HTDROXAMIC  ACIDS  DERIVED  FROM  CYCLOPROPANE 
CARBOXYLIC  ACID,  ISOBUTYRIC  ACID  AND  DIBENZYL-ACETIC 
ACID.    A    COMPARATIVE    STUDY    OF   THE   BECKMANN    RE- 
ARRANGEMENT OF  THEIR  DERIVATIVES.' 

By  Laud]^  Wiluam  Jonbs  and  Alprbd  W.  Scott. 

Received  December  1,  1921. 

I.  Introduction. 
Although  many  different  classes  of  organic  compounds  show  rearrange- 
ments of  the  Beckmann'  type,  there  is  one  fundamental  transformation 
which  stands  out  as  essential  to  all  such  reactions ;  some  radical,  R,  attached 
to  a  carbon  atom  in  the  original  compound,  is  found  in  combination  with 
a  nitrogen  atom  after  the  rearrangement  has  occurred.  If  oximes  are 
excluded,  a  general  formula  may.  be  employed  to  represent  the  classes 
of  compounds  which  show  such  changes. 

R     X  R 

J>C— N— y     — >         N:— N—     +     xy    — ►  ^C£=N— R     +     xy 

I  II  III 

The  sjrmbols  a  and  b  stand  for  Rj,  0=,  HN=,  and  for  similar  groups; 
while  X  and  y  may  be  replaced  by  H  or  a  metal  atom  together  with  some 
other  radical  such  as  CI,  Br,  OH,  OCOR.  In  the  azides,  Na^  takes  the 
place  of  X  and  y. 

For  several  years,  plain  structural  formulas  of  this  kind  have  been 
replaced  by  electronic  formulas'  in  which  positive  and  negative  signs  serve 
to  represent  bonds  between  atoms.  In  an  article*  recently  published  in 
.  This  Joxjrnal,  the  rearrangement  of  a  hydroxamic  acid  derivative  was 
represented  by  symbols  more  in  harmony  with  recent  views  concerning 
the  structure  of  the  atom  and  the  nature  of  "bonds"  in  organic  compounds. 
Thus: 

R    X  '  R 

;o:  C:N:y    — >-    'o'CcN:    +    x:y    — ►     ;o;c;N;^    +    x:y 

la  •  Ila  Ilia 


^  This  article  is  based  upon  a  thesis  submitted  by  Alfred  W.  Scott  to  the  Faculty 
iA  the  Graduate  School  of  Princeton  University  in  partial  fulfilment  of  the  requirements 
for  the  degree  of  Doctor  of  Philosophy. 

*  In  this  article*  the  term  Beckmann  rearrangement  is  used  in  its  broadest  sense 
and  includes  rearrangements  of  the  Hofmann,  of  the  Curtius  and  of  the  Lossen  types. 

•Jones,  Am.  Chem,  /.,  48,  25  (1921);  50,  441  (1913);  Tms  Journai,.  36,  1268 
(1914).    Stieglitz,  ibid,,  36,  288  (1914). 

« Jones  and  Hurd,  Tms  Journai,,  43,  2424  (1921). 
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It  has  been  assumed  for  some  time  that,  during  the  reaction,  the  radical  R 
separates  from  the  carbon  atom  and  "wanders"  to  the  univalent  nitrogen 
atom  (Ila)  not  because  of  **any  complicated  mechanism"  such  as  ring 
formation,  a  bivalent  carbon  radical,  or  the  like,*  but,  rather,  under  the 
influence  of  electrical  constraint  brought  about  by  the  necessity  for  re- 
distribution of  electrons'  to  form  the  more  stable  system  represented  by 
the  isocyanate  stage  (Illaj  in  the  reaction. 

If  this  be  the  case,  then,  while  the  positive  radical  R  is  shifting  its  posi- 
tion from  the  carbon  atom  to  the  nitrogen  atom,  it  must  exist  momentarily 
as  a  free  radical.  An  hypothesis  which  follows  logically  as  a  consequence 
of  this  conclusion  was  advanced  in  the  article  mentioned  above;*  viz,, 
that  an  intimate  relation  must  exist  between  the  ease  of  rearrangement 
of  the  univalent  nitrogen  derivative  (Ila)  and  the  ability  of  the  radical 
R  to  exist  as  ^free  radical  {e.  g.,  triphenylmethyl,  tri-biphenylmethyl,  etc.). 

Furthermore,  this  assumption  suggests  definite  ex;periments  which  are 
now  being  tried  in  this  laboratory.  If  certain  azides,  RCONs,  are  caused 
to  undergo  rearrangement  in  a  solution  which  contains  a  group  such  as 
triphenylmethyl,  it  seems  probable  that  this  free  radical  may  compete 
with  the  radical  R  for  possession  of  the  nitrogen  position  and,  conse- 
quently, that  two  isocyanates  may  be  formed  instead  of  one. 

R  R 

I  I  ^.^^  0==C=N— R  H-  R»  +  N, 

0=C— N,  +  R'  — >  0=C— N=  +  N,  +  R' 

^  0=C==N— R»  +  R  -I-  N, 

Thus,  with  benioyl  azide,  CsHeCONs,  and  triphenylmethyl,  both  phenyl 
isocyanate  and  triphenylmethyl  isocyanate  would  be  expected.  The 
results  of  these  experiments  will  be  published  later. 

The  compounds  described  in  this  paper  were  prepared  and  studied  for 
the  purpose  of  determining  the  influence  which  certain  hydrocarbon 
radicals  would  exert  in  producing  variations  in  the  ease  of  rearrange- 
ment of  several  related  hydroxamic  acid  derivatives. 

For  this  purpose,  the  following  series  of  hydroxamic  acids  was  prepared. 
With  the  exception  of  (d),  the  parent  substances  were  new  compounds. 
(a)       H,Cv  (b)       H,Cv 


H,C/ 


:HC(0)NH0H  I   )>CHC(0)NHOH 


H,c/ 


Isobutyr-hydroxamic  Csrdopropane-carboxyl-hydroz* 

Acid  amicAdd 

(c)  CeHsCHiv  (d)        Cai»CH,CH,C(0)NHOH 
\CHC(0)NH0H 
CeHsCH/ 

Dibenzylacet-hydroxamic  Benzylacet-hydroxamic 

Acid  Add 


•Stieglitz  (Hesse),  Am.  Chem.  /..  29,  67  (1903).    Ncf.  Ann,,  298,  308  (1897); 
318    (1901).    Jones,    Ref.    3. 
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Compound  (d)  was  studied  by  Thiele  and  Pickard*  and  the  behavior  of  some 
of  its  derivatives  described.  This  acid  was  included  iifthe  series  in  order 
to  be  able  by  comparison  to  determine  more  definitely  the  effect  of  the 
second  benzyl  group  in  Compound  (c). 

The  preparation  of  tribenzylacetic  acid  was  undertaken  in  order  to 
note  the  effect  of  three  benzyl  groups.  For  this  piupose,  tribenzylmethyl 
chloride  was  synthesized.  However,  since  this  chloride  failed  to  react 
to  give  a  Grignard  reagent,  we  have  not  synthesized  tribenzylacetic  add; 
so  the  study  of  tribenzylacet-hydroxamic  acid  and  its  derivatives  was 
discontinued  for  the  present. 

The  reactions  of  the  potassium,  sodium,  and  silver  salts  of  the  acetyl 
esters  and  of  the  benzoyl  esters  of  the  parent  substances  were  used  for 
comparison.  Dry  salts  of  this  kind  usually  have  a  fairly  definite  tem- 
perature at  which  they  puff  or  explode  to  form  an  isocyanate  and  an  acetate 
or  benzoate.  However,  the  length  of  time  the  salts  have  been  kept  after 
their  preparation  frequently  alters  perceptibly  the  temperature  at  which 
this  change  occurs. 

In  order  to  avail  ourselves  of  a  somewhat  more  reliable  source  of  in- 
formation concerning  the  ease  of  rearrangement  of  these  salts,  the  effect 
of  heat  upon  dear  aqueous  solutions  of  the  potassium  and  the  soditmi 
salts  was  also  studied.  Under  these  circumstances,  the  isocyanate  first 
produced  is  usually  converted  into  the  corresponding  5ym.di-substituted 
urea 

2  0=C=N=R  +  HiO  — ^  0=C=(NHR)2  +  CO2. 

'  n.    Comparison  and  Interpretation  of  Results. 
The  following  table  shows  the  temperatures  at  which  sudden  decomposi- 
tion of  the  dry  salts  occurred. 

Tablb  I 
Decomposition  Tsiipsraturbs 
Parent 
hydrozamic 
acids 


(CH,),CHCONHOH  (a) 


(CJIi)CONHOH  (b) 
(CaiiCH,),CHCONHOH  (c) 


Benzoyl  Ester 

Acetyl  Ester 

SiJt 

Na 
Salt 

^t 

K               Na 
Salt            Salt 

Sponta- 

75» 

Above 

Sponta-     

neous 

200' 
Above 

neotis 

103  • 

143  • 

200  •» 

165«        

Not 

Not 

143  • 

Not         Not 

isolated 

isolated 

isolated   isolated 

^t 


146' 


These  substances  may  be  regarded  as  derivatives  of  acet-hydroxamic 
add.  On  the  other  hand,  Compounds  (b)  and  (c)  bear  a  structuralxelation 
to  tsobutyr-hydroxamic  acid  (a). 

•  Thiele  and  IHckard,  Ann,,  309,  197  (1921). 

Digitized  by  LjOOQ IC 


410  I.AUDBR  Wn^LIAM  JONES  AND  AI^FRKD  W.  SCOTT. 

In  the  interpretation  of  this  table,  we  shall  make  the  assumption  that 
extreme  ease  of  rearrangement  explains  the  failure  to  isolate  some  of  the 
salts  of  (c).  No  doubt,  the  failure  to  obtain  these  salts  may  be  attributed, 
in  part,  to  their  solubility  in  alcohol-ether  in  which  they  were  prepared. 
From  a  general  survey  of  the  table,  it  appears  that,  in  every  case,  the 
derivatives  of  (c)  were  found  to  undergo  rearrangement  with  the  greatest 
ease;  that  the  compounds  of  (b)  required  the  highest  temperature  to 
effect  their  rearrangement;  and  that  the  salts  of  (a)  occupy  an  intermediate 
position.  It  is  interesting  to  note,  that,  in  the  case  of  the  salts  of  each 
hydroxamic  acid  ester  (dihydroxamic  acid)  the  ease  of  rearrangement 
was   as  follows:  K  >  Na  >  Ag. 

Two  salts,  both  derivatives  of  (a),  exhibited  properties  worthy  of  special 
mention.  A  pm-e  sample  of  the  potassitmi  salt  of  the  benzoyl  ester  of 
wobutyr-hydroxamic  acid  was  made  and  placed  in  a  desiccator.  The 
desiccator  was  evacuated,  and  in  less  than  20  minutes  the  salt  decomposed 
spontaneously  with  such  violence  as  to  scatter  potassium  benzoate  through- 
out the  entire  container. 

The  potassium  salt  of  the  acetyl  ester  of  (a)  exhibited  the  same  phenom- 
enon, although,  in  this  instance,  it  was  necessary  for  the  salt  to  stand  in 
an  evacuated  desiccator  from  5  to  6  hours  before  the  change  occturred. 
Two  similar  cases  have  been  described  previously;  viz.,  the  potassitmi  salt 
of  the  benzoyl  ester  of  phenylacet-hydroxamic  acid^  and  the  sodium  salt 
of  the  benzoyl  ester  of  dichloro-acet-hydroxamic  acid.* 

In  stud3ring  the  second  method  of  comparison  of  the  different  salts 
given  in  Table  I,  it  was  foimd  that  the  temperature  required  to 
produce  a  precipitate  in  an  aqueous  solution  of  the  potassium  salt,  also 
caused  a  precipitate  with  an  aqueous  solution  of  the  sodium  salt  of  the 
same  hydroxamic  acid  ester.  Therefore,  the  table  given  in  Table  II  was  con- 
densed in  order  that  the  behavior  of  these  compounds  could  be  seen  at  a 
glance. 

Rearrangement  was  determined  by  measuring  the  temperature  at  which 
clear  aqueous  solutions  (approximately  equivalent)  of  the  salts  of  alkali 
metals  began  to  give  a  precipitate.  The  components  of  the  precipitate 
were  determined.  In  the  case  of  the  cyclopropane  series,  about  75%  of 
the  corresponding  hydroxamic  ester  was  found  to  be  regenerated.  The 
presence  of  this  proportion  of  the  ester  showed  that,  to  a  large  extent, 
simply  hydrolysis  of  the  salt  had  taken  place,  and  that  rearrangement 
to  give  the  isocyanate  and  then  the  urea  was  distinctly  a  secondary  re- 
action. In  the  isohutyric  acid  series,  similar  products  of  hydrolysis  were 
also  detected;  here,  however,  the  urea  was  the  primary  product  and  the 
regenerated  ester  occurred  in  almost  negligible  amounts.    A  more  detailed 


7  Jones,  Am.  Chtm.  J.,  48,  8  (1912). 

•  Jones  and  Sneed,  This  Journal,  39,  670  (1917). 
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description  of  the  treatment  to  which  these  salts  were  subjected  will  be 
found  in  the  experimental  part.  The  temperatures  recorded  in  the  table 
are  those  of  the  bath  employed  in  heating  the  vessel  which  contained  the 
different  solutions. 

Tablb  II 

Parent  Hydrozamic  Aqueous  Solutions  of  the  Potassium 

Adds  or  Sodium  Salts  of  the  Benzoyl  Esters 

(CH,),CHCONHOH  (a)  50  chiefly  rearrangement 

(C,H5)CHC0NH0H  (b)  90  mainly  hydrolysis 

(CtH»CH,),CHCONHOH  (c)  20  rearrangement 

(CJI»CH,)CH,CONHOH  (d)  80  rearrangement 

It  may  be  seen  that,  insofar  as  the  ease  of  arrangement  is  concerned, 
the  results  of  this  table  agree  fairly  well  with  those  of  Table  I.  Since  the 
acyl  group  was  always  the  same  (viz.,  benzoyl)  and,  from  Table  II,  we  see 
that  the  metal  atom  caused  no  appreciable  difference  in  reactivity,  we  are 
forced  to  the  conclusion  that  the  variations  in  behavior  of  these  compounds 
must  be  attributed  to  the  influence  of  the  hydrocarbon  radicals  of  the 
acyl  groups  from  which  the  hydroxamic  acids  were  originally  formed. 
Therefore,  in  terms  of  these  radicals  the  ease  of  rearrangement  may  be 
expressed  by  the  following  sequence:  dibenzylmethyl  >  isopropyl  >  benzyl- 
methyl  >  cydopropyl. 

Without  further  consideration,  it  can  be  seen  that,  among  these  hydrox- 
amic acid  derivatives,  those  which  contain  the  trimethylene  ring  are  the 
most  stable.  On  the  other  hand,  the  derivatives  of  w(?butyT-hydroxamic 
add  show  a  remarkable  tendency  to  rearrange.  This  is  espedally  note- 
worthy, because  of  the  intimate  structural  relationship  which  exists  be- 
tween the  hydroxamic  adds  derived  from  i^^^butyxic  add,  and  the  cor- 
responding   derivatives   of   cyclopropane-monocarboxylic   add. 

H,Cv  H,Cv 

)>CHCONHOH         (a)  |    >CHCONHOH         (b) 

It  may  be  noted  also  that  derivatives  of  acet-hydroxamic  acid*  and  of 
propionhydroxamic  acid*^  imdergo  rearrangement  with  greater  difiBculty 
than  the  corresponding  derivatives  of  isobutyr-hydroxamic  acid. 

The  wide  differences  observed  in  the  behavior  of  derivatives  of  benzyl- 
acetic  acid  and  of  dibenzylacetic  acid  seems,  at  first,  to  lead  to  the  assump- 
tion that  the  introduction  of  the  second  benzyl  radical  increases,  in  a 
marked  degree,  the  ease  with  which  corresponding  derivatives  undergo 

•Jones,  Am.  Chem.  J.,  29,  1  (1898). 

»  The  benzoyl  ester  of  propionhydroxamic  acid  was  prepared  by  Jones  and  Neuf- 
fer.  This  Journal,  39,  664  (1917).  It  was  observed  that  the  solid  potassium  salt  of 
this  ester  decomposed  at  120-124**,  the  sodium  salt,  at  86"  and  the  silver  salt,  above 
150'. 
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rearrangement.  However,  the  fact  that  derivatives  of  acethydroxamic 
acid*  and  of  propionhydroxamic  acid^®  (methylacet-hydroxamic  acid) 
are  not  so  sensitive  to  rearrangement  as  similiar  derivatives  of  isohutyT- 
hydroxamic  acid  (dimethylacet-hydroxamic  acid)  seems  to  force  upon  us 
the  conclusion  that  at  least  a  part  of  the  effect  produced  by  the  introduction 
of  the  second  benzyl  radical  must  be  attributed  to  the  formation  of  an 
iso-  or  branched  chain. 

The  relations  existing  between   chemical   constitution   and  melting 
points  are  presented  in  the  following  table. 


Parent  Hydroxamic  Acids 

Benzoyl  Ester 

Acetyl  Ester 

•C. 

•c. 

•C. 

(CH,),CHCONHOH                (a)    116 

148 

^ 

(C,H,)CHCONHOH                (b)    112 

150 

108 

(CtHjCHOiCHHONHOH        (c)    146 

147 

126 

It  is  interesting  to  note  that  the  diflference  between  the  melting  points  of 
dibenzylacet-hydroxamic  acid  and  of  its  benzoyl  ester  is  only  one  degree. 
A  regularity  is  observed  throughout  the  series,  viz,,  the  melting  points  of 
the  free  hydroxamic  acids  lie  between  those  of  the  higher-melting  benzoyl 
derivatives  and  of  the  lower-melting  acetyl  derivatives. 

m.    Consideration  of  Some  Details. 

The  behavior  of  cydopropane-monocarboxyl-hydroxamic  acid  and 
its  derivatives  was  of  particular  interest,  since  no  other  hydroxamic  acids 
related  to  cyclic  hydrocarbons  other  than  benzene  and  its  homologs,  or 
hydrocarbons  with  condensed  benzene  nuclei,  have  ever  been  described. 

In  the  preparation  of  this  hydroxamic  acid,  the  method  employed  by 
Perkin"  for  the  preparation  of  the  necessary  ethyl  cydopropane-mono- 
carboxylate  was  found  to  give  the  best  results.  However,  by  modifying 
Perkin's  procedure  in  several  details,  we  have  been  able  to  obtain  yields 
50%  better  than  those  secured  by  him. 

It  was  observed  that  the  formation  of  dibenzylacet-hydroxamic  acid 
by  the  interaction  of  ethyl  dibenzylacetate  and  free  hydroxylamine 
proceeded  very  slowly,  even  when  the  reaction  mixture  was  kept  between 
60®  and  70°.  The  presence  of  an  extra  mol  of  sodium  methylate  failed 
to  increase  the  speed  of  the  reaction  to  any  great  extent. 

It  was  found  that  this  hydroxamic  acid  could  be  prepared  readily  and 
in  quantity  by  the  action  of  free  hydroxylamine  on  the  acid  chloride 
dissolved  in  benzene.  The  preparation  of  hydroxamic  acids  from  acid 
chlorides  is  a  well  known  method.^*  If  water,  generally  employed,  is 
used  as  the  reaction  medium,  a  mixture  of  the  mono-  and  the  dihydroxamic 
acids  always  results.    The  method  suggested  above  for  obtaining  mono- 

"  Perkin,  7.  Chem.  Soc.,  75,  921  (1899). 

"  Lessen,  Ann.,  161,  347  (1872);  175,  285  (1876). 
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hydroxamic  adds  gives  yields  almost  quantitative^  with  no  traces  of  the 
di-  adds;  it  has  been  studied  previously  in  this  laboratory.^ 

Experimental  Part 
1.    Hydroxamic  Adds  Related  ta  CydoprofMUie  Carboiylic  Add. 

The  Preparatioii  of  Ethyl  Cydopropane-1:  l-Cyanocarboxylate.'— Perkin^  described 
the  preparation  of  cydopropane-monocarboxylic  add  in  which  an  alcoholic  solution  of 
sodium  ethyl  malonate  and  ethylene  dibromide  was  digested  under  pressure.  All 
attempts  to  prepare  the  add  by  this  method  gave  very  small  yields.  Later  Perldn^* 
stated  that  when  ethyl  cyano-acetate  was  substituted  for  ethyl  malonate  and  the  mix- 
ture was  digested  at  ordinary  pressure,  he  was  able  to  obtain  a  50%  yidd  of  ethyl 
cydopropane-l:  1-cyanocarboxylate.    We  found  the  latter  method  preferable. 

The  changes  *made  in  Perkin's  synthesis  consisted  first,  in  the  use  of  an  automatic 
stirrer;  and  second,  in  the  elimination  of  the  washing  to  which  Perldn  submitted  the 
product  of  reaction  to  removie  colored  materials.  We  find  that  practically  all  the 
color  is  eliminated  by  the  steam  distillation  which  follows. 

To  400  cc.  of  absolute  alcohol  in  a  flask  provided  with  an  automatic  stirrer  and  re- 
flux condenser,  27.4  g.  of  sodium  was  added  in  small  portions.  After  all  of  the  sodium 
had  disappeared  and  the  solution  had  cooled  to  room  temperature,  100  g.  d  ethyl 
cyano-acetate  was  introduced;  this  caused  the  sodium  salt  to  separate.  Then  100  g. 
of  ethylene  dibromide  was  introduced  and  the  mixture  was  heated  to  boiling  on  a  water- 
bath.  The  reaction  mixture  was  stirred  continuously  during  the  entire  operation.  After 
the  product  had  become  neutral  to  litmus,  all  of  the  alcohol  was  distilled  and  sufficient 
water  was  added  to  dissolve  the  sodium  bromide  which  had  separated.  The  mixture  was 
extracted  with  ether  several  times,  the  ether  was  evaporated,  and  the  residnal  oil  was 
submitted  to  steam  distillation.  This  distillate  was  saturated  with  ammonium  sulfate 
and  extracted  with  ether  6  or  6  times.  After  the  ether  had  been  dried  over  caldum 
chkMride,  it  was  distilled  and  the  oil  was  submitted  to  fractional  distillation.  The 
distillate  which  boiled  between  2l2''  and  216%  weighed  64.4  g.    Yield,  76%. 

The  Preparation  of  l:l-Cydopropane-dicarboxylic  Add  was  carried  out  according 
to  the  method  described  by  Perkm.  A  portion  d  the  add,  recrystallized  from  ether, 
gave  a  melting  point  of  134^. 

The  Preparation  of  Cydopropane-inonocarboxylic  Add. — ^In  the  preparation  of 
cydopropane-monocarboxylic  add  by  dry  dbtillation  of  this  dibasic  add,  it  was  found 
that,  by  using  a  lower  temperature  than  that  called  for  by  Perldn  and  by  dbtilling  the 
monobasic  add  tmder  diminished  presstu-e  as  it  formed,  a  better  yield  was  secured. 

When  36.4  g.  of  the  dibasic  add  was  distilled  slowly  under  diminished  pressure  and 
the  distillate  was  fractionated,  11.6  g.  of  material  was  obtained.  It  boiled  between  182^ 
and  195°.  On  refractionation,  nearly  all  of  this  substance  distilled  between  184"  and 
186  ^  This  was  practically  pure  cydopropane-monocarboxylic  add.  A  small  amount 
of  this  compound  can  be  recovered  by  redistillation  of  the  lower  as  well  as  the  higher 
boiling  fractions. 

Attempts  to  prepare  the  ethyl  ester  by  saturation  of  an  alcoholic  solution  of  this 
add  with  dry  hydrogen  chloride  gave  a  product  which  contained  chlorine.  This  sub- 
stance was  ethyl  chlorobutyrate  produced  by  the  splitting  of  the  trimethylene  riiig.>^ 
In  order  to  obtain  the  ester  d  cydopropane-monocarboxylic  add,  the  method  d  t^er- 

» Perkin,  /.  Chem.  Soc.,  47,  807  (1885). 

"Rd.  11,  p.  925. 

»  Boone  and  Perkin,  /.  Chem.  Soc.,  67, 118  (1896);  Ber.,  35, 2104  (1902).  Kijner 
/.  Rust,  Chem,  Soc„  41, 659  (1909).  Tanatar,  Z.  physik.  Chem.,  41, 735  (1902).  Kotz, 
/.  prakt.  Chem.,  [11]  <»,  153  (1903).    Barthe,  BuU.  soc.  ckim.,  [Ill]  35, 40  (1906). 
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kin^*  was  followed.  This  required  the  silver  salt.  Since  the  silver  salt  is  extremely 
soluble  in  water  which  contains  small  amounts  of  add,  of  ammonia,  or  even  of  ammon- 
ium salts,  a  method  for  the  preparation  of  the  pure,  solid  ftmmmiiiim  salt  was  devised, 
so  that  a  ccmcentrated  solution  of  it  could  be  u^  to  prepare  the  silver  salt. 

Ammonium  Sai«T. — ^A  stream  of  dry  ammonia  gas  was  passed  through  a  soluticm 
of  the  free  add  in  anhydrous  ether,  kept  cold  throughout  the  operation  by  means  of  an 
ice-salt  bath.  After  a  short  time,  the  ammonium  salt  began  to  separate  as  a  voluminous 
white  solid.  It  was  collected  and  dried  in  a  desiccator  containing  caldum  oxide  mixed 
with  ammonium  chloride.  The  dry  salt  mdted  at  115^  For  analjrsis  the  ammonium 
salt  was  digested  with  aqueous  sodium  hydroxide  and  the  ammonia  was  distilled  into 
0.1  J^  add.    The  excess  of  add  was  titrated  with  a  solution  of  a  standard  base. 

Analysis.  Subs.,  0.2149:  2.12  cc.  of  1  -Y  add.  Calc.  for  CiHfOiN:  N,  13.87. 
Found:  13.82. 

The  salt  was  extremdy  soluble  in  water  and  in  alcohol  containing  very  small  amounts  of 
water.  It  could  be  kept  for  several  months  in  a  desiccator  containing  a  mixture  x>f 
caldum  oxide  and  ammonium  chloride. 

SiLVSR  Sai«t. — ^To  25  g.  of  the  ammonium  salt  dissolved  in  a  very  small  amount  of 
water,  the  calculated  amount  of  a  concentrated  solution  oi  silver  nitrate  was  added 
slowly,  while  the  solution  was  stirred  vigorously.  The  silver  salt  was  collected  and 
washed  with  cold  water.  Since  this  salt  retained  moisture  very  tenadously,  it  was 
dried  for  some  time  at  110%  and  then'analjnBed.  The  analsrsis  confirmed  the  formula 
C4HtOiAg,  found  by  Peridn. 

The  dry  salt  was  heated  slowly  in  a  test-tube  immersed  in  a  bath  of  sulfuric  acid. 
At  about  ISO",  it  assumed  a  pale  yellow  ocAor  and,  finally,  a  deep  brown  shade  when  the 
bath  had  reached  170"*. 

The  Preparation  of  Bfhyl  Cydopnypane-monocarboxylate  was  carried  out  by 
refluxing  a  suspension  of  the  silver  salt  in  ether  with  ethyl  iodide  according  to  the  method 
described  by  Perkin. 

HtCv 

A.    Cyd^^ropane-carboxyl-liydrozamic  add,       |  y  CHC(0)NHOH.— A  sohttion 

H,CX 

of  0.96  g.  of  sodium  in  methanol  was  added  to  a  solution  of  2.9  g.  of  hydroxjdammomum 
chloride  in  25  cc.  of  methanol.  After  this  mixture  had  been  cooled  and  filtered  to  re- 
move sodium  chloride,  4.2  g.  of  ethyl  cydopropane-monocarboxylate  was  poured  into 
it.  Finally,  0.84  g.  of  sodium  in  methanol  was  introduced  and  the  mixture  was  allowed 
to  stand  over  night  in  a  warm  place.  After  half  an  hour,  a  drop  of  the  solution  gave  a 
deep  purple  color  when  addified  and  treated  with  ferric  chloride.  The  next  morning 
dry  carbon  dioxide  was  passed  into  the  solution  thoroughly  cooled,  and  the  sodium 
carbonate  which  formed  was  removed  by  filtration.  After  evaporation  of  the  alcohol, 
a  viscous  semi-solid  mass  resulted. 

This  mass  was  dissolved  in  water  and  treated  with  a  solution  of  copper  acetate. 
A  grass-green  copper  salt  of  the  hydroxamic  add  was  predpitated ;  it  was  collected,  washed 
thoroughly  vrith  water  and  dried  over  sulfuric  add.  When  the  dry  copper  salt  had 
been  pulverized  carefully,  it  was  suspended  in  methanol  and  a  stream  of  dry  hydrogen 
sulfide  was  passed  through  the  suspension.  The  solution  was  filtered  from  copper 
sulfide  and  the  methanol  evaporated. 

The  product  was  a  yellowish  crystalline  material  possessing  an  odor  characteristic 
of  impure  hjrdroxamic  adds  prepared  from  their  copper  salts  by  this  method.  Upon 
reoystallization  of  it  from  warm  ethyl  acetate,  pure  cydopropane-mooocarboxylic 
hydroxamic  add  was  obtained;  it  mdted  at  124"  with  decomposition.    When  ligroin  is 
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added  to  tlie  ethyl  acetate  sohttiaii,  some  of  the  ydlow  impurity  is  pfediiitated  tofether 
with  a  part  oC  the  hydrazainic  add. 

Analyses., Saha.,  0J2145:  26.03  cc  of  N  (22.3^  754.  mm.).  Calc  forCACW: 
N,  13.86.    Pound:  13.92. 

Subs.,  0.21:  H^.  0.1345;  COi,  0.364.  Calc  for  C4H7O1N:  C.  47.5;  H.  6.90.  Pound: 
C.  47.27;  H,  7.16. 

The  hydrosamic  add  was  soluble  in  water,  in  methanol,  in  etiiyl  alcohol,  and  in 
hot  ethyl  acetate.    It  was  only  slightly  soluble  in  ether  and  was  insoluble  in  ligrom. 

B,  Benxoyl  Ester  of  Cydopropano-Carbox^-hydrozaxnic  Add,  CBHiC(0)NHO- 
COCJIt- — ^When  an  aqueous  solution  of  the  sodium  salt  of  (A)  was  shaken  with  benzoyl 
chloride,  the  benzoyl  ester  mixed  with  benzoyl  chloride  and  benzoic  add  separated  as  a 
white  mass.  The  product  was  collected  and  pressed  on  a  pofous  plate  and,  when  dry, 
was  extracted  repeatedly  with  boiling  lignnn  and  leciystallized  from  hot  ethyl  alcohcd 
to  which  water  was  added  until  a  slight  turbidity  occurred.  As  the  solution  cooled, 
pure  benzoyl  ester  separated  in  the  form  of  white  needles  which  were  collected,  washed 
with  dihite  akohol  and  dried.    It  mdted  at  150"*. 

Analyses.  Subs.,  0.4931;  30.4  cc.  of  N  (24.7^  741  mm.).  Calc.  for  CuHuOtN: 
N,  6^.     Pound:  6.9. 

Subs.,  0.1543:  H,0,  0.0772;  COi,  0.3643.  Calc.'for  CuHuOiN:  C,  64.36;  H,  5.41. 
Pound:  C,  64.38;  H,  5.59. 

It  is  soluble  in  ether  and  in  ethyl  alcohol,  but  only  slightly  soluble  in  ligroin  and  is 
insoluble  in  water. 

Potassium  Salt  of  (B).— A  solution  of  0.4  g.  of  the  benzoyl  ester  in  absolute 
aloblud  was  cooled  by  means  of  an  ice-salt  bath,  and  treated  with  the  calculated  amount 
of  potassium  ethylate.  The  potassium  salt,  a  white  solid,  was  collected,  washed  with 
anhydrous  ether  and  dried  in  vacuo  over  sulfuric  add.  Anhydrous  ether  added  to  the 
filtrate  predpitated  more  of  the  potassium  salt.  The  dry  salt  puffed  when  it  was  heated 
to  103*.    An  isocyanate  odor  was  detected  and  potassium  benzoate  was  formed. 

i4iM/>nf.  Subs.,  0.172:  KsS04, 0.0599.  Calc.  for  diHitOiNK:  K,  16.07.  Pound: 
15.64. 

A  dear  aqueous  solution  oi  1.2  g.  of  the  potassium  salt,  when  heated  to  90^  gave  a 
white  solid  product  This  was  collected  and  washed  with  water.  A  portion  of  the  fil- 
trate was  made  slightly  add  and,  upon  the  addition  of  a  scdution  of  ferric  chloride,  an 
tntense  purple  coloration  was  produced,  which  showed  that  a  part  of  the  benzoyl  ester, 
fonned  by  hydrolysis  of  the  salt,  had  been  hydrolyzed  still  further  to  yidd  some  mono- 
hydnnamicacid.  When  the  filtrate  was  acidified,  carbon  dioxide  was  evolved  and  0.3  g. 
of  benzoic  add  was  predpitated. 

The  solid  product  was  extracted  with  a  solution  of  sodium  hydroxide,  and  from  this 
sohition  0.1  g.  of  the  bes&oyl  ester  was  recovered.  That  portion  of  the  solid  which  was 
insofaiUe  in  alkalies  resembled  the  expected  symmetrical  di-cydopropyl  urea.  It  was 
UMwhible  in  water,  but  very  sohible  in  alcohol  and  in  ether.  However,  the  quantity 
obtained  was  too  small  to  permit  of  complete  purification  and  analysis.  The  partially 
purified  sc^id  mdted  between  172*  and  178^ 

When  the  dry  potasshnn  salt  was  heated  until  decompodtion  ensued,  it  gave  a 
low-boiling  oil,  evidently  cydopropyl  isocyanate.  This  dl  was  distilled  and  the  vapor 
was  passed  into  a  small  amount  of  aniline.  The  excess  of  aniline  was  removed  by  ex- 
tnctioo  widi  add  and  the  solid  residue  was  crystallized  from  hot  ether  and  ligroin. 
It  mdted  at  151  ^  and  its  properties  oonespooded  widi  those  of  phenyl-cydopropyl 
nf«a,  CANHCONH(CJii).  described  by  Kijoar.» 

»Kijtter,  /.  Ru$s.  Ckem.,  47,  304-317  (1906). 
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Sodium  Salt  of  (B). — ^A  solution  of  0.5  g.  of  the  benzoyl  ester  in  cold  absolute 
alcohol  was  treated  with  the  calculated  amount  of  sodium  ethylate.  The  addition  of 
more  than  6  volumes  of  anhydrous  ether  was  required  to  precipitate  the  sodium  salt. 
This  was  collected  and  dried  in  vacuo  over  sulftuic  acid.  The  dry  salt  puffed  at  143 ''; 
a  deposit  of  sodium  benzoate  remained  in  the  test-tube  and  an  isocyanate  odor  was  no- 
ticed. An  aqueous  solution  of  the  sodium  salt  behaved  in  a  manner  similar  to  that 
of  the  potassium  salt  described  above. 

SiLVBR  Salt  op  (B). — A  solution  of  silver  nitrate  was  added  to  a  clear  aqueous 
solution  of  the  potassium  salt.  The  white  silver  salt  was  collected,  washed  with  water, 
then  with  alcohol,  and  finally  with  ether. 

Analysis.  Subs.,  0.2468:  Ag,  0.0843.  Calc.  for  CuHjoOtNAg:  Ag,  34.67.  Found: 
34.16. 

When  the  dry  salt  was  heated  above  200°,  it  decomposed  and  gave  a  strong  iso- 
cyanate odor. 

C.  Acetyl  Ester  of  Cydopropane-monocarbozyl-hydrozamic  add,  (CtHi)CONHO- 
COCHj. — ^A  slight  excess  of  acetic  anhydride  was  added  to  1  g.  of  cyclopropane-mono- 
carboxyl-hydroxamic  acid.  When  the  mixture  was  warmed  gently,  it  became  a  clear 
liquid  which  solidified  almost  immediately.  As  the  temperattu-e  was  raised  slightly, 
the  product  became  liquid  once  more.  This  solution  was  stirred  until  a  test  portion 
failed  to  give  a  purple  coloration  with  ferric  chloride.  The  excess  of  acetic  anhydride 
and  of  acetic  acid  was  removed  by  placing  the  product  in  a  vacuum  desiccator  over 
solid  potassium  hydroxide. 

The  ester,  recrystallized  from  warm  ether,  formed  very  fine  white  needles  so  closely 
matted  together  that  the  product  retained  the  shape  of  the  filter  paper  upon  which  it 
was  collected.    Dried  in  vacuo  over  sulfmic  acid,  it  melted  at  108**. 

Analysis.  Subs.,  0.2783:  24.2  cc.  of  N  (23 ^  748  mm.).  Calc.  for  C6H.OaN:  N, 
9.78.    Found:  9.87. 

It  was  soluble  in  water,  in  alcohol,  in  acetone,  in  ethyl  acetate,  and  in  hot  ether, 
but  only  slightly  soluble  in  cold  ether,  and  insoluble  in  ligroin. 

Potassium  Sai«t  of  (C).— A  cold  solution  of  0.5  g.  of  the  acetyl  ester  in  ab- 
solute alcohol  was  treated  with  the  calculated  amount  of  potassium  ethylate;  upon  the 
addition  of  anhydrous  ether,  the  potassium  salt  was  obtained  as  a  white  precipitate. 
This  was  separated,  washed  with  ether,  and  dried  in  vacuo  over  sulfuric  acid.  The  dry 
salt  puffed  when  immersed  in  a  bath  previously  heated  to  155**. 

^«a/ywj.  Subs.,  0.0891:  K,S04,  0.0423.  Calc.  for  CtH«OiNK:  K,  21.68.  Found: 
21.32. 

2.    Hydrozamic  Adds  Related  to  Dibenzylacetic  Add. 

The  Preparation  of  Dibanzylacetyl  Chloride,  (C6HiCHi)iCHC0Cl.— Ethyl  di- 
benzyl-aceto-acetate  was  prepared  according  to  the  method  of  Merz  and  Weith^^  and 
also  that  of  F.  Sesermann.^'  Both  methods  gave  good  results.  This  compound  was 
made  to  undergo  the  "acid  splitting,"  as  described  by  Deikmann  and  Kron,^*  viz.,  by 
refluxing  it  with  sodium  ethylate.  The  ethyl  dibenzylacetate,  thus  produced,. was 
saponified  vrith  alcoholic  potash.  One  crystallization  of  the  product  from  hot  ligroin 
gave  dibenzylacetic  acid  which  mdted  at  89**.  Its  properties  corresponded  with  the 
known  properties  of  dibenzylacetic  add. 

When  10  g.  of  dibenzylacetic  add  was  treated  with  an  excess  of  thionyl  chloride 

»» Merz  and  Wdth,  Ber.,  10,  756  (1877). 

"Sesermann,   ihid.,   6,    1086    (1873). 

i»  Pdkmann  and  Kron,  ibid.,  41,  1266  (1908). 
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and  the  mixture  was  wanned,  sulfur  dioxide  and  hydrogen  chloride  were  evolved  and 
the  reaction  mixture  became  liquid.  After  this  material  had  been  refluxed  for  a  short 
time  the  excess  of  thionyl  chloride  was  distilled  and  the  residual  oil  was  submitted  to 
fractional  distillation  under  diminished  presstu-e.  When  the  last  traces  of  thionyl 
chloride  had  been  removed,  the  thermometer  rose  rapidly  to  203^,  and  the  entire  product 
distilled  between  203**  and  205^  under  17  mm.  It  was  a  yellow  oil  soluble  in  benzene 
and  insoluble  in  water.    It  was  hydrolyzed  slowly  in  moist  air. 

D.  Dibenzylacet-hydiozamic  Add,  (C6H»CHs)tCHC0NH0H.  Msthod  I.— 
A  t^ethanol  solution  containing  5.25  g.  of  hydroxylammonium  chloride  was  treated  with 
1.7  g.  of  sodium  in  methanol.  Sodium  chloride  was  removed  and  the  filtrate  was  treated 
with  20  g.  of  ethyl  dibenzykcetate.  These  materials  were  thoroughly  mixed  and  a 
solution  of  1.5  g.  of  sodium  in  methanol  was  poured  in.  After  several  hours  at  room 
temperature,  the  mixture  gave  no  test  with  ferric  chloride  for  a  hydroxamic  acid.  At 
the  end  of  18  hours,  only  a  sUght  coloration  was  produced  when  ferric  chloride  was 
added  to  an  acidified  test  portion  of  the  reaction  mixture.  So  the  solution  was  warm 
several  hours  to  60^  or  70°  and  the  methanol  allowed  to  evaporate. 

This  gave  a  white  solid  which  was  dissolved  in  a  cold  solution  of  sodium  hydroxide 
and  extracted  with  ether  to  remove  any  tmchanged  ester.  When  the  solution  was 
acidified,  a  solid  white  substance  separated.  This  was  collected,  washed  with  water  and 
pressed  on  a  porous  plate.  The  dry  solid  was  extracted  repeatedly  with  hot  ligroin  to 
remove  any  dibenzylacetic  add,  and  the  undissolved  dibeuzylacet-hydroxamic  add  was 
recrystallized  from  hot  benzene.    It  mdted  at  146**.    The  yield  was  very  small. 

Analysis.  Subs.,  0.2718:  13.16  cc.  of  N  (18*,  745.3  mm.).  Calc.  for  CiiGitOiN-.N, 
5.49.    Pound:  5.57. 

It  was  soluble  in  hot  benzene,  in  alcohol,  in  alkalies  and  in  ethyl  acetate,  but  only 
slightly  soluble  in  cold  benzene  and  in  ether,  and  insoluble  in  water  or  in  ligroin.  An 
alcoholic  solution,  made  faintly  add  with  acetic  add,  gave  a  grass-green  copper  salt 
when  an  akohc^c  solution  of  copper  aeetate  was  added.  An  alcoholic  solution  of  the 
hydroxamic  add  reduced  a  solution  of  silver  nitrate  slowly. 

MSTHOD  II. — ^The  following  method  gave  dibenzylacet-hydroxamic  add  practically 
quantitatively.  To  a  solution  of  10  g.  of  dibenzylacetyl  chloride  in  dry  benzene,  slightly 
more  than  the  calculated  amount  of  free  hydroxylamine  was  added.  When  the  mixture 
was  agitated,  it  became  warm  rapidly,  so  that  it  was  necessary  to  cool  the  flask  with 
tap  water.  Hydroxylammonium  chloride  and  some  of  the  hydroxamic  add  separated 
as  a  white  predpitate,  while  the  excess  of  free  hydroxylamine  formed  a  gtun  which  ad- 
hered to  the  side  of  the  containing  vessd.  When  the  solution  was  heated  to  boiling,  filtered 
while  hot,  and  then  cooled,  pure  dibenzylacet-hydroxamic  add  separated.  Its  proper- 
ties corresponded  in  every  way  with  those  described  above. 

£.  Benzoyl  Ester  of  Dibenzyhicet-hydrozamic  Add,  (CJI»CHs)sCHCONHO- 
CXX^tHf. — When  an  aqueous  solution  of  10  g  of  dibenzylacet-hydroxamic  acid  with 
the  calculated  aihount  of  alkali  was  cooled  and  shaken  with  benzoyl  chloride,  this 
ester  separated  as  a  white  solid.  This  material  collected  and  pressed  on  a  porous  plate 
The  dry  product,  extracted  with  hot  ligroin  several  times  to  remove  unused  benzoyl 
chloride  and  benzoic  add,  was  crystallized  from  hot  alcohol  by  addition  of  hot  water 
until  the  solution  became  faintly  turbid.  As  this  mixture  cooled,  pure  benzoyl  ester 
of  dibenzylacet-hydroxamic  add  separated  in  the  form  of  white  needles  which  were 
collected,  washed  with  cold,  very  dilute  alcohol  and  dried.    It  mdted  at  147®. 

Analysis.  Subs.,  0.3068:  10.2  cc.  of  N  (20^  746  nun.).  Calc.  for  CaH,iO,N: 
N,  3.90.    Pound:  3.80. 

The  ester  was  soluble  in  alcohol;  it  was  only  slightly  soluble  in  ether  and  was  insol- 
uble in  water. 
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Potassium  Salt  o»  (E). — ^Five-tenths  g.  of  the-  benzoyl  ester  was  dissolved  in 
cold  absolute  alcohol  and  treated  with  the  calculated  amount  of  potasaum  ethylate, 
upon  the  addition  of  over  10  volumes  of  anhydrous  ether,  only  a  very  small  amount  of 
the  solid  salt  was  precipitated.  This  was  collected  and  dried  in  vacuo  over  sulfuric 
add.  When  the  salt  was  heated  on  a  spatula,  it  decomposed  to  give  a  vapor  with  an 
isocyanate  odor,  and  potassium  benzoate.  When  the  salt  was  treated  with  cold  water, 
an  insoluble  part  always  remained.  This  was  washed  with  alkali  and  water.  After 
it  was  crystallized  from  dil.  alcohol,  its  properties  corresponded  with  those  of  the  synthe- 
sized 53Wi.bi-dibenzyImethyl  urea  described  below.  When  the  potassium  salt  was 
dissolved  in  water  at  room  temperattu^,  a  turbidity  appeared  immediately,  and  the 
corresponding  disubstituted  urea  began  to  separate  at  once.  Application  of  heat  in- 
creased the  speed  of  this  reaction. 

An  attempt  was  made  to  prepare  the  sodium  salt  of  (£)  by  the  method  used  above 
in  the  preparation  of  the  potassium  salt  No  predpitate  was  produced,  even  when 
several  hundred  cubic  centimeters  of  anhydrous  ether  was  added.  An  aqueous  extrac- 
tion of  this  alcohol-ether  solution  of  the  sodium  salt  soon  gave  the  urea. 

SiLVSR  Salt  of  (£). — ^A  solution  of  1  g.  of  the  benzoyl  ester  in  absolute  alcohol 
was  cooled  to  —10*,  and  treated  with  slightly  less  than  the  calculated  amount  of  potas- 
dum  ethylate.  Then  an  alcoholic  solution  containing  slightly  less  than  the  calculated 
amount  of  silver  nitrate  was  added  to  this  cold  solution.  Only  a  small  amount  of  a 
very  light,  flufiFy  predpitate  resulted.  However,  upon  the  addition  of  anhydrous  ether, 
the  silver  salt  was  obtained  in  quantity.  This  was  collected,  washed  with  absolute 
alcohol  and  with  water,  then  again  with  absolute  alcohol  and  finaUy  with  anhydrous 
ether.  This  silver  salt,  dried  in  vacuo  over  sulfuric  add,  puffed  at  143*,  to  give  an  <m1 
which  distilled  into  the  cooler  portions  of  the  tube,  while  silver  benzoate  was  left  as 
solid.  Bvidently,  this  oil  was  dibenzyhnethyl  isocyanate,  for  upon  treating  it  with 
warm  water  the  corresponding  urea  was  produced. 

Analysis.  Subs.,  0.1860:  Ag,  0.0428.  Calc.  for  C«tHioO»NAg:  Ag,  23.14:  Pound: 
23.01. 

F.  Acetyl  Ester  of  Dibenzylacet-hydrozamic  Acid,  (CeHiCHi).CHCON(H)- 
OCX)Cii«. — ^Pive-tenths  g.  of  pure  dibenzylacet-hydroxamic  add  and  a  sUgfat  excess 
of  acetic  anhydride  were  heated  on  a  water-bath  until  a  test  portion  failed  to  give  a 
violet  coloration  with  ferric  chloride.  As  the  product  became  cool,  it  solidified.  It  was 
kept  over  soda-lime  in  a  vacuum  desiccator  until  all  traces  of  acetic  add  and  acetic 
anhydride  had  disappeared,  and  then  recrystallized  from  hot  benzene.  It  melted  at 
128*. 

Analysis.  Subs.,  0.4194:  18.4  cc.  of  N  (19*,  741  mm.).  Calc.  for  CieHuOiN: 
N,  4.71.    Pound:  5.00. 

The  ester  was  soluble  in  hot  benzene,  in  alcohol,  in  ethyl  acetate  and  in  acetone. 
It  was  only  slightly  soluble  in  ether  and  was  insoluble  in  water  and  in  ligroin.  When  a 
hot,  saturated  solution  of  the  ester  in  absolute  alcohol  was  cooled  slowly,  large,  dear, 
square  plates  were  obtained. 

An  attempt  to  prepare  the  potassium  salt  by  dissolving  1.2  g.  of  (F)  in  cold 
absolute  alcohol  and  adding  to  it  the  calculated  amount  of  potassium  ethylate  failed 
to  give  any  predpitate,  even  when  more  than  200  cc.  of  anhydrous  ether  was  introduced. 
Traces  of  moisture  absorbed  during  manipulation  evidently  effected  rearrangement  of 
some  of  the  salt,  for  on  evaporation  of  a  part  of  the  alcohol-ether  solution  in  vacuo 
over  sulftuic  add  some  sym.bi-dibenzylmethyl  urea  was  obtained.  In  the  preparation 
of  the  sodium  salt,  difficulties  similar  to  those  described  in  the  preparation  of  the  potas- 
sium salt  were  encountered. 

SiLVBR  Salt  of   (F). — Five- tenths  g.  of  the  acetyl  ester  was  dissolved  in  ab- 


Digitized  by  LjOOQ IC 


NEW  HYDROXAMIC  ACIDS.  419 

solute  alcohol.  To  this  solution,  cooled  to  — 12^,  slightly  less  than  the  calculated  amount 
of  an  alcohc^c  scdution  of  silver  nitrate  was  added.  When  the  walls  of  the  containing 
▼esse!  were  scratched  with  a  stirring  rod,  a  white  silver  salt  was  precipitated.  This 
was  collected,  washed  with  absolute  alcohol,  then  with  water,  again  with  absolute 
alcohol,  and  finally  with  anhydrous  ether. 

T)ie  dry  salt,  heated  slowly,  turned  brown  at  125*,  and  suddenly  black  at  145*. 
When  it  was  heated  on  a  spatula,  an  isocsranate  odor  was  detected.  On  exposure  to 
light  it  turned  purple.  It  was  insoluble  in  water,  in  alcohol  and  in  ether,  but  was 
soluble  in  ammonium  hydroxide.  A  suspension  of  the  salt  in  cold  water  qpntaining  the 
calculated  amount  of  potassium  bromide  was  shaken  thoroughly  and  filtered  from  the 
silvef  bromide  formed.  When  this  solution  was  warmed,  it  gave  a  precipitate  of  sym, 
bi-dibenzylmethyl  urea. 

In  order  to  prepare  a  sample  of  this  urea  for  comparison,  dibenzyl  ketone  made  by 
the  dry  distillation  of  the  calcium  salt  of  phenylacetic  acid,  as  described  by  Apitzsch,*^ 
was  converted  into  the  oxime,  from  which  dibenzyhnethyl  amine  was  prepared  according 
to  the  method  described  by  Noyes.''  The  urea  was  synthesized  from  this  amine  as 
follows. 

G.  Sym.-bi-dibenzylmethyl  Urea,  ((CcH«CHs)tCHNH)sCO.-— Phosgene  was  passed 
into  a  dry  ether  solution  of  the  amine.  Bi-dibenzylmethyl  urea  and  dibenzyl-carbamine 
h3rdrochloride  were  precipitated  as  a  white  solid  which  was  collected  and  extracted 
several  times  with  boiling  water  in  order  to  dissolve  the  amine  hydrochloride.  The 
crude  urea,  left  after  extraction,  was  recrystallized  from  hot  alcohol  and  hot  water. 
The  pure  urea  separated  in  the  form  of  small  white  needles  which  melted  at  159*. 

Analysis.  Subs.,  0.1407:  7.26  cc.  of  N  (18*.  748  mm.).  Calc.  for  CnHnONi:  N, 
6.25.    Pound:  6.25. 

'  It  was  soluble  in  ethyl  acetate,  in  acetone,  in  alcohol,  and  in  benzene,  but  was 
insoluble  in  water,  in  ether  and  in  ligroin.  A  melting  point  was  taken  of  a  mixture  of 
the  urea  synthesized  above  and  of  that  formed  as  a  product  of  the  rearrangement  of 
the  different  salts  of  the  esters  of  dibenzylacet-hydroxamic  add.  This  melting  point 
of  the  mixture  was  159*. 

3.    Experiments  with  Tribenzylmefbyl  Chloride. 

Tribenzyl  carbinol  was  made  from  ethyl  phenylacetate  by  the  Grignard  reaction 
according  to  Klages  and  Heilmann.*'  A  considerable  quantity  of  dibenzyl  was  obtained 
as  a  by-product. 

H.  Tribenzyimethyl  Chloride,  (COIiCHOiCCl.— To  10  g.  of  the  carbinol,  15  cc. 
of  acetyl  chloride  was  added  and  the  mixture  was  refluxed  for  hours.  A  short  time 
after  the  refluxing  was  commenced  the  undissolved  carbinol  passed  into  solution.  When 
the  solution  was  allowed  to  cool  very  slowly,  resets  of  colorless  needles  of  tribenzyi- 
methyl chloride  separated.  These  needles  were  collected  and  washed  thoroughly  with 
anhydrous  ether  to  remove  acetyl  chloride,  acetic  add,  and  any  unchanged  carbinol. 
After  the  chloride  had  been  dried  over  caldum  chloride,  it  mdted  at  about  173* 
with  decomposition. 

Analysis.  Subs.,»  1601:  4.15  cc.  of  0.12094  i^NaSCN.  Calc.  for  CaHuCl:  CI. 
11.06.    Found:  11.16. 


«»Apitzscfa,  Ber.,  36,   1428  (1904). 

"  Noyes,  Am.  Chem.  J.,  14,  226 

» Klages  and  Hdhnann,  Ber..  37,  1456  (1904). 

**  An  analysis  of  this  chloride  was  made  by  heating  a  sample  of  it  with  10  g.  of 
NaoOi  in  a  Parr  sulfur  bomb.  The  usual  Volhard  method  was  emplojned  to  determine 
the  dilorioe. 
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It  was  soluble  in  hot  benzene  and  in  hot  acetone.  It  was  only  very  slightly  soluble 
in  ligroin,  in  cold  benzene  and  in  cold  acetone.  It  was  insoluble  in  water,  in  alcohol, 
and  in  ether. 

Because  of  the  ease  of  decomposition,  the  preparation  of  the  chloride  through  the 
action  of  phosphorus  trichloride  or  pentachloride  on  the  carbinol  was  unsuccessful. 
The  chloride  could  be  recrystallized  from  acetyl  chloride,  but  recrystallization  from 
anhydrous  benzene  always  lowered  the  melting  point.  It  was  very  slowly  decomposed 
by  boiling  water  or  by  a  boiling  10%  solution  of  potassium  hydroxide. 

When  the  chloride  was  heated  slightly  above  its  melting  point  until  the  evolution 
of  hydrogen  chloride  ceased,  an  oil  formed  which  would  not  solidify  when  it  was  cooled 
in  an  ice-salt  bath.  This  oil  was  soluble  in  ether,  and  an  anhydrous  ether  solutios^of  it 
decolorized  bromine  fairly  rapidly.  This  seemed  to  indicate  that  the  oil  contained  a 
compound  of  an  unsaturated  olefin  nature,  most  likely  dibenzyl-dnnamene,  C<HtCH  » 
C(CHiCeH6)i.    This  product  was  not  investigated  further. 

Bdbavior  of  the  Chloride  toward  Magnesium  (Grignard  Reaction).— An  anhydrous 
ether  solution  of  tribenzylmethyl  chloride  mixed  with  magnesium  was  refluxed  for  8 
hours.  No  evidence  of  a  reaction  could  be  detected,  even  when  iodine  was  added. 
Methyl  iodide  also  failed  to  start  the  reaction. 

Because  of  the  insolubility  of  the  chloride  in  ether,  anhydrous  benzene  was  employed 
as  the  reaction  medium.  Iodine,  methyl  iodide,  and  aniline  were  used  as  "primers," 
and  the  solution  was  refluxed  for  3  days  without  effect.  When  this  benzene  solution 
was  cooled,  needles  of  the  chloride  separated.  These  crystals  melted  at  about  165°, 
instead  of  173°,  the  melting  point  of  the  pure  chloride. 

4.    Hydroxamic  Acids  Related  to  Isobutyric  Acids. 

I.  Isobntyr-hydroxamic  Acid  or  Dimethylacet-hydroxamic  Acid,  (CHt)sCHC(O)- 
NHOH. — Isobutjrr-hydroxamic  acid  was.  made  by  two  methods. 

Mbthod  I. — ^A  solution  of  4.9  g.  of  sodium  in  methanol  was  poured  into  a  methanol 
solution  of  7.85  g.  of  hydroxylammonium  chloride  and  the  mixture  cooled  to— 12°, 
The  soditun  chloride  was  removed  and  11.5  g.  of  methyl  f5obutyrate  was  added  to  the 
filtrate.  After  these  substances  were  thoroughly  mixed,  4.8  g.  of  sodium  in  methanol 
was  introduced  and  the  solution  allowed  to  stand  at  room  temperature  overnight. 
When  a  test  portion  of  the  reaction  mixture,  removed  immediately  after  the  last  addition 
of  sodium  methylate,  was  acidified  it  gave  a  pronotmced  color  with  ferric  chloride. 
After  12  hours,  a  stream  of  dry  carbon  dioxide  was  passed  through  the  solution  to 
precipitate  sodium  carbonate.  The  product,  thoroughly  cooled  in  an  ice-salt  bath, 
was  filtered  from  the  sodium  carbonate  and  the  methanol  was  evaporated. 

The  solid,  which  consisted  of  sodium  chloride  and  of  f^obutyr-hydroxamic  add, 
was  dissolved  in  water  made  faintly  acid  with  acetic  acid.  Upon  the  addition  of  an 
aqueous  solution  of  copper  acetate,  a  grass-green  copper  salt  of  the  hydroxamic  add 
was  predpitated.  This  salt  was  collected,  washed  with  water,  then  with  alcohol  and 
finally  with  ether.  After  it  had  been  dried  thoroughly  and  pulverized,  it  was  suspended 
in  methanol  and  a  stream  of  dry  hydrogen  sulfide  was  passed  through  the  mixture. 
When  the  copper  sulfide  had  been  removed  by  filtration,  and  the  ether  evaporated, 
«5obutyr-hydroxamic  add  was  obtained.  Crystallized  from  ethyl  acetate  and  ligroin, 
or  from  benzene,  it  mdted  at  116°. 

AnalyHs.  Subs.,  0.0857:  10.35  cc.  of  N  (21°.  743  mm.).  Calc.  for  C^HiOiN:  N, 
13.60.    Found:  13.73. 

It  was  soluble  in  ether,  in  alcohol,  in  water,  in  acetone,  m  hot  ethyl  acetate,  and 
in  hot  benzene.    It  was  insoluble  in  ligroin. 

Method  II. — Isobutyric  add  was  refluxed  a  short  time  with  thionyl  chloride  and 
the  excess  of  this  reagent  was  distilled.    Jsobutyryl  chloride  was  obtained  by  fractionat- 
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ing  the  resulting  oil.  An  anhydrous  benzene  solution  of  the  add  chloride,  kept  thoroughly 
cooled  by  immersion  in  an  ice-bath,  was  agitated  vigorously  with  a  slight  excess  of 
free  hydroxylamine.  When  the  reaction  was  complete,  the  solution  was  heated  and 
filtered  while  hot.  As  the  filtrate  cooled,  f5obutyr-hydroxamic  acid  separated.  It  was 
recrystallized  from  ethyl  acetate  and  ligroin.  For  the  preparation  of  this  partictilar 
hydroxamic  add.  Method  I  was  found  to  be  preferable. 

J.  Benzoyl  Ester  of  Isobutyr-hydrozunic  Acid,  (CH,)sCHCONHOCOC«H».— 
This  ester  was  prepared  in  two  ways. 

Mbthod  I. — ^/sobutyr-hydroxamic  add  was  treated  with  benzoyl  chloride  according 
to  the  Schotten-Baumann  method.  The  predpitate  was  removed  and  pressed  on  a 
porous  plate.  When  this  crude  material  was  extracted  several  times  with  hot  ligroin 
and  crystallized  from  a  mixture  of  hot  alcohol  and  hot  water,  the  benzoyl  ester  of  iso- 
butyr-hydroxamic  add  separated  in  the  form  of  white  needles;  m.  p.  148®. 

Method  II. — ^/sobutyr-hydroxamic  add  was  warmed  on  a  water-bath  with  a  slight 
excess  of  benzoic  anhydride,  until  a  test  portion  of  the  reaction  mixture  failed  to  give  a 
violet  color  when  treated  with  a  solution  of  ferric  chloride.  The  product  solidified  when 
cold.  This  mass  was  broken  up,  extracted  several  times  with  hot  ligroin,  and  recrystal- 
lized from  a  mixture  of  hot  alcohol  and  hot  water.  It  formed  white  needles  which  melted 
at  148*. 

•    Analysis.    Subs.,  0.2301:  14.01  cc.  of  N  (24.3**,  744  mm.).     Calc.  for  CnHuOiN: 
N,  6.77.    Found:  6.85. 

The  benzoyl  ester  was  soluble  in  alcohol,  in  ethyl  acetate,  and  in  hot  benzene.  It 
was  slightly  soluble  in  ether,  and  was  insoluble  in  water  and  in  ligroin. 

Potassium  Salt  of  (J). — ^A  solution  of  0.5  g.  of  the  benzoyl  ester  of  iso- 
butyr-hydroxamic  add  in  absolute  alcohol  was  immersed  in  an  ice-salt  bath,  and  0.094  g. 
of  sodium  dissolved  in  absolute  alcohol  was  added.  Anhydrous  ether  caused  a  white 
predpitate  to  form  which  was  collected,  washed  with  anhydrous  ether  and  dried  over  sul- 
furic add.  When  the  dry  salt  was  heated  slowly  to  200 °,  no  decomposition  occurred ;  but 
when  a  portion  in  a  test-tube  was  quickly  thrust  into  a  bath  at  150**  it  puffed;  an  iso- 
cyanate  odor  was  noticed  and  a  deposit  of  potassium  benzoate  remained  in  the  tube. 
The  salt  obtained  above  was  thought  to  be  impure,  so  it  was  prepared  a  second  time. 
In  the  second  preparation,  slightly  less  than  the  calculated  amount  of  potassium  ethylate 
was  used  and  the  salt  was  washed  more  thoroughly  with  anhydrous  ether.  It  was 
placed  over  sulfuric  add  in  a  desiccator  immediatdy  and  the  desiccator  evacuated. 
In  about  20  minutes,  the  salt  decomposed  spontaneously  with  such  violence  as  to  scatter 
potassium  benzoate  throughout  the  desiccator.  When  the  desiccator  was  opened,  it 
was  found  to  be  filled  with  the  vapor  of  the  isocyanate. 

An  aqueous  solution  of  the  potassium  salt  was  warmed  to  50**  for  some  time.  The 
light,  oily  layer  which  separated  possessed  a  strong  isocyanate  odor.  This  solution, 
allowed  to  stand  for  several  hours  at  room  temperature,  finally  deposited  a  mass  of  fine 
white  needles.  These  were  collected,  washed  with  alkali  to  remove  any  unchanged  es- 
ter and  any  traces  of  fsobutyr-hydroxamic  add  produced  by  hydrolysis.  Its  properties 
were  like  those  of  the  ssrmmetrical  di-f5opropyl  urea  described  by  Hofmann.*^ 

Sodium  Salt  op  (J). — ^To  0.5  g.  of  the  benzoyl  ester  dissolved  in  absolute 
alcohol  and  cooled  to  — 10**,  0.055  g.  of  sodium  dissolved  in  absolute  alcohol  was  intro- 
duced. Upon  the  addition  of  anhydrous  ether,  the  white  sodiiun  salt  was  predpitated. 
This  was  collected,  washed  with  ether  and  dried  over  sulftuic  acid.  At  75**  it  puffed, 
gave  an  isocyanate  odor  and  left  sodium  benzoate  in  the  tube.  An  aqueous  solution 
of  the  sodium  salt  behaved  in  a  manner  analogous  to  that  of  the  potassium  salt  de- 
scribed above. 


s«Hofmann,  Ber.,  15,  756  (1882). 
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Sn^vSR  Salt  of  (J). — ^An  aqueous  solution  of  the  potassium  or  sodium  salt 
was  treated  with  an  aqueous  solution  of  silver  nitrate.  The  white  silver  salt  wascoUected, 
washed  with  water,  then  with  a  little  alcohol,  and  finally  with  ether.  When  the  dry 
stiver  salt  was  heated  slowly  in  a  test-tube,  it  turned  brown  at  180**.  When  the  bath 
has  reached  200°  the  sample  was  removed  and  passed  through  a  free  flame,  whereupon 
it  puffed  vigorously;  an  isocyanate  odor  was  noticed  and  silver  benzoate  remained  in 
the  tube.  The  silver  salt  prepared  from  the  potassium  salt  gave  the  following  analyt- 
ical results. 

Analysis,  Subs.,  0.0460:  Ag,  0.0168.  Calc.  for  CuHuOiNAg:  Ag,  34.36.  Found: 
34.36. 

K.  Acetyl  Bster  of  Isobtttyr-hydrozamie  Add,  (CHt)sCHCONHOCOCH,.— 
A  mixture  of  1  g.  of  the  hydrozamic  add  and  1  cc.  of  acetic  anhydride  was  warmed  on 
a  water-bath  until  a  test  portion  failed  to  give  a  ferric  chloride  reaction.  As  the  mix- 
ture became  cool,  the  product  solidified.  The  mass  was  broken  up  and  placed  in  a 
vacuum  desiccator  over  sodium  hydroxide,  where  it  remained  until  all  the  acetic  an- 
hydride had  been  removed.  After  it  was  recrystallized  from  hot  benzene  and  ligroin, 
it  mdted  at  ST"*. 

Analysis.  Subs.,  0.2004:  17.46  cc.  of  N  (21^  748  mm.).  Calc.  for  C<HuO^: 
N,  9.66.    Found:  9.96. 

The  acetyl  ester  was  soluble  in  water,  in  hot  ether,  in  hot  benzene  and  in  alcohol, 
but  was  insoluble  in  ligroin. 

Potassium  Salt  o»  (K). — Upon  the  addition  of  ether  to  a  cold  abscdute 
alcoholic  solution  of  the  acetyl  ester  of  i^obutsrr-hydroxamic  add  to  which  the  calculated 
amount  of  potassium  ethylate  had  been  added,  a  white  predpitate  of  the  potassium 
salt  was  obtained.  This  was  filtered,  washed  with  anhydrous  ether  and  dried.  The 
potassium  salt  was  very  deliquescent;  it  absorbed  suffident  moisture  from  the  air  to 
effect  its  solution  in  a  very  short  time.  A  sample  of  the  dry  salt  whidi  had  stood  over 
sulfuric  add  for  30  minutes,  puffed  when  heated  to  63°,  and  gave  an  isoc]ranate  odor. 
After  it  had  remained  in  the  desiccator  for  several  hours,  it  decomposed  spontaneously 
as  it  was  being  removed  from  the  desiccator. 

When  an  aqueous  solution  of  silver  nitrate  was  added  to  a  cold  aqueous  solution 
of  the  potassium  salt,  the  silver  nitrate  was  reduced  and  a  mirror  was  formed  upon  the 
walls  of  the  container.  This  reduction  was  caused  by  uobutyr-hydroxamic  add  formed 
by  hydrolysis.  The  presence  of  the  hydroxamic  add  was  verified  by  a  test  with  ferric 
chloride  and  by  the  formation  of  its  copper  salt. 

Summary.  • 

1.  The  preparation  and  properties  of  the  following  new  hydroxamic 
acids,  together  with  their  benzoyl  and  acetyl  esters,  are  described. — (1) 
cydopropane-carboxyl-hydroxamic  acid;  (2)  isobutyr-hydroxamic  acid; 
(3)  dibenzylacet-hydroxamic  acid. 

The  sodium,  potassitun  and  silver  salts  of  many  of  these  esters  were 
made,  and  the  conditions  under  which  these  salts  rearrange  were  determined 
and    compared. 

2.  The  conclusions  arrived  at  in  this  paper  are,  that  the  radicals  present 
in  the  acyl  groups  from  which  these  hyckoxamic  acids  were  derived  in- 
fluence the  ease  with  which  their  derivatives  suffer  the  Beckmann  re- 
arrangement in  the  following  order:  dibenzylmethyl  >  isapropyl  > 
benzylmethyl  >  cydopropyl. 
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3.  During  the  investigation,  it  became  necessary  to  improve  the 
methods  employed  in  the  preparation  of  cydopropane-monocarboxylic 
add  and  its  ammonimn  salt,  and  also,  to  S3mthesize  the  following  new 
compounds:  bi-dibenzylmethyl  urea  and  tribenzylmethyl  chloride.  The 
failure  of  tribenzylmethyl  chloride  to  react  with  magnesium  to  form  a 
Grignard  compound  is  discussed. 
PRmarroN,  N«w  Jmbsosv.     ' 


[CoNTRiBimoN  ntOM  THB  Matkkia  Msdica  Rbsbarch  Laboratory,  Collsg«  of 
HoMSOPATmc  MsDicncB,  Omo  Statb  UmvitRsrry.] 

A  NEW  QUANTITATIVE  METHOD  FOR  THE  DETERMINATION 
OF  IRON  IN  THE  BLOOD. 

Bt  Anson  L.  Brown. 

Reoelved  December  1.  1921. 

A  new  method  for  the-  determination  of  small  amounts  of  iron  in  the 
blood  which  has  been  worked  out  in  this  laboratory  offers  possibilities  for 
use  in  pathological  laboratories  and  clinical  diagnosis. 

Principle. — ^A  known  amount  of  blood  after  laking  in  water  is  treated 
with  cone,  hydrochloric  add  and  a  very  small  amount  of  potassium  chlo- 
rate. By  this  method  the  proteins  are  precipitated  and  the  iron  rendered 
soluble.  After  heating  in  boiling  water,  the  material  is  filtered  and  filtrate 
made  up  to  a  known  volume.  An  aliquot  portion  of  the  filtrate  is  then 
compared  colorimetrically  with  a  standard  iron  solution. 

Method. — ^To  4  cc.  of  distilled  water  contained  in  a  test-tube  0.5  cc. 
.of  blood  sample  is  added.  After  laking,  1  cc.  of  cone,  hydrochloric  acid 
and  a  very  small  amount  of  potassium  chlorate  (about  0.01  g.)  are  added. 
The  test-tube  and  contents  are  then  placed  in  boiling  water  and  heated 
for  about  15  minutes,  until  the  liquid  becomes  white  or  light  yellow  and 
the  proteins  are  entirely  precipitated  and  have  become  white.  The 
material  is  then  allowed  to  cool  and  the  residue  to  settle.  The  latter  is  then 
filtered  and  washed  with  water  until  15  cc.  of  filtrate  is  obtained.  After 
thoroughly  shaking,  1.5  cc.  of  the  filtrate  is  placed  in  one  side  of  the  test- 
tube  colorimeter.  To  the  other  side  of  the  colorimeter  0.25  cc.  of  the 
standard  iron  solution  is  added.  To  both  tubes  is  added  enough  0.1  iV 
potassium  permanganate  solution  to  oxidize  all  the  iron  completely  and 
until  a  permanent  pink  color  remains.  Then  5  cc.  oibN  ammonium  thio- 
cyanate  solution  is  added  and  the  standard  diluted  to  25  cc.  with  distilled 
water.  The  sample  is  then  diluted  tmtil  the  two  colors  match.  Should 
a  brown  residue  form  after  the  addition  of  ammonium  thiocyanate  solution, 
several  drops  of  a  10%  solution  of  hydrochloric  acid  are  added  to  dissolve 
the  precipitate. 
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Solutions. 

(1)  standard  Iron  Solution. — This  solution  is  made  by  dissolving  0.7  g,  of  crirs- 
tallized  ferrous  ammonium  sulfate  in  50  cc.  of  distilled  water  and  adding  20  cc.  of  dil. 
sulfuric  acid.  The  solution  is  warmed  slightly  and  potassium  permanganate  added  until 
the  iron  is  completely  oxidized,  after  which  it  is  diluted  to  1  liter.  One  cc.  of  this  solu- 
tion is  equal  to  0.1  mg.  of  iron. 

(2)  Potassium  Permanganate. — This  solution  does  not  have  to  be  standardized 
exactly  but  should  be  made  approximately  0.1  N,  It  Is  prepared  by  dissolving  0.316  g. 
of  potassium  permanganate  in  1000  cc.  of  distilled  water. 

(3)  Ammonium  Thiocyanate. — This  is  made  approximately  5  i\^  by  dissolving 
380  g.  of  iron-free  ammonium  thiocyanate  in  100  cc.  of  distilled  water. 

Calctilation. 

0.25  cc.  of  standard  iron  solution  as  above  prepai-ed  is  equivalent  to  0.000025  g. 
of  iron  which  has  been  diluted  to  25  cc.  Thus,  when  1.5  cc.  of  the  filtrate  is  used  and  the 
colors  matched  upon  dilution  to  17.5  cc.  we  obtain  the  ratio  25  :  .000025 ::17.5  :  x. 
Therefore  x  equals  0.0000175  g.  of  iron  in  1.5  cc.  of  the  filtrate  and  in  15  cc.  we 
obtain  0.0000175  times  10  or  0.000175  g.  of  iron  which  is  contained  in  0.5  cc.  of  blood; 
in  100  cc.  we  obtain  200  times  the  above  figure  or  0.036  g.  of  iron  or  36  mg.  per  100 
cc.  of  blood. 

When  the  iron  solution  is  made  as  above  described  and  the  amount  of  blood  and 
reagents  are  used  as  directed,  the  calculations  given  above  are  not  necessary  and  the  iron 
can  be  calculated  directly  from  the  reading  of  the  diluted  sample  by  multiplying  the 
reading  by  2.  Thus  above  where  the  reading  of  the  sample  was  17.5  it  would  become 
35  after  multiplying  by  2.  The  above  method  has  been  checked  very  carefully  against 
a  method  by  Louis  Berman>  and  the  results  agree  very  closely,  as  will  be  seen  from  the 
following  data. 

Brown  Herman 

Pe  per  100  cc.  of  blood 

Mg.  Mg. 

30  28 

39  .  35 

32  30 

36  37 

37  36 

35  Av.  33  Av. 

The  above  work  was  done  on  several  different  rabbits  and  at  different  times. 

This  method  has  been  further  checked  by  weighing  a  known  amotmt  of 
ferrous  ammonium  sulfate  and  adding  a  large  excess  of  several  other  salts 
together  with  tgg  albumin.  By  using  the  method  described  above 
practically  the  same  amount  of  iron  was  obtained  as  was  theoretically 
present. 

In  order  to  ascertain  whether  all  the  iron  present  in  the  blood  is  dissolved 

by  the  treatments  of  coned,  hydrochloric  acid  and  potassium  chlorate  several 

samples  of  blood  were  ashed  in  a  platinum  crucible,  treated  with  hot 

hydrochloric  acid>  washed  with  water  and  made  up  to  a  definite  voltune. 

1  Berman,  J.  Biol.  Chem.,  35,  231  (1918);   C.  A.,  12,  1977  (1918). 
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An  aliquot  portion  was  then  taken  for  analysis  by  the  method  as  given 
above  and  the  results  obtained  were  as  follows. 

Whole  blood  Ash 

Iron  per  100  cc.  of  blood 
Mg.  Mg. 

38.0  39.0 

30.0  32.0 

42.0  42.6 

The  iron  content  of  rabbit's  blood  varies  from  27  to  42  mg.  per  100  cc, 
while  dog's  blood  varies  from  40  to  48  mg.  per  100  cc.  and  human  blood 
from  45  to  52  mg.  per  100  cc. 

Summary. 

The  method  may  be  summarized  as  follows:  0.5  cc.  of  blood  after  laking 
in  4  cc.  of  water  is  treated  with  cone,  hydrochloric  acid  and  a  very  small 
amount  of  potassium  chlorate  placed  in  boiling  water  until  white  or  light 
yellow,  cooled  and  filtered,  and  the  residue  washed  with  water  until 
15  cc.  of  filtrate  is  obtained;  an  aliquot  portion  is  then  compared  colori- 
metrically  with  standard  iron  solution  using  potassitun  thioc}ranate  as 
the  indicator. 

The  advantages  are:  (1)  A  small  amount  of  blood  sample  needed;  (2) 
the  analysis  is  rapid,  not  over  20  minutes  being  required;  (3)  greater 
accuracy  is  insured  because  the  contrast  in  colors  is  more  marked; 
(4)  since  it  is  a  colorimetric  method  the  results  are  more  accurate  with 
minute  amounts  than  by  either  gravimetric  or  volumetric  analysis. 
Columbus,  Ohio. 


NOTES. 

The  Preparation  of  Phenylacetylene. — Phenylacetylene  has  been 
prepared  by  a  ntunber  of  methods,  the  two  outstanding  ones  being  those 
of  Glaser^  and  Holleman,^  in  which  phenylpropioUc  acid  is  used,  and  the 
method  of  Nef,*  which  employs  w-bromostyrene.  In  Nef's  experiments, 
the  bromostyrene  was  heated  with  potassium  hydroxide  and  a  small 
quantity  of  absolute  alcohol.  The  products  obtained  were  phenylacetylene 
and  phenylvinyl-ether,  C^H^CHssCHOCaHs,  the  jrield  of  phenylacetylene 
being  60%  of  that  calculated.  Owing  to  the  considerable  conversion  of 
starting  material  into  by-product  by  Nef 's  method,  the  writer  tried  the  use 
of  molten  potassium  hydroxide  instead  of  alcoholic  potash. 

The  potassitun  hydroxide  (80  g.)  was  placed  in  a  distilling  flask  provided 


1  Glaser,  Ann.,  154,  151  (1870). 

>  HoOeman,  Ber.,  20, 3080  (1887);  Rec.  trao.  Mm.,  15, 157  (1896). 

*  Nef,  Ann.,  306, 264  (1899). 
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with  a  dropping  funnel  and  a  condenser.  The  flask  was  heated  by  means  of 
an  oil-bath  at  200-235**  (chiefly  at  200-215**).  Since  the  boiling  point  of 
phenylacetylene  is  142-143°,  and  that  of  bromostyrene  is  218-220**,  the 
temperature  of  the  molten  potassium  hydroxide  was  high  enough  to 
cause  the  phenylacetylene  formed  to  distil  from  the  tmchanged  bromo- 
styrene. The  latter  was  allowed  to  enter  at  the  rate  of  about  a  drop  a 
second,  and  the  phenylacetylene  soon  distilled.  From  25  g.  of  bromo- 
styrene, 12.5  g.  of  phenylacetylene  was  obtained  together  with  a  small 
amotmt  of  water.  The  water  was  separated  in  a  separatory  funnel,  and  the 
phenylacetylene  was  dried  with  solid  potassium  hydroxide.  Thus,  11  g. 
of  apparently  pure  product  boiling  at  142-144**  was  obtained.  This  is  a 
yield  of  practically  80%  of  the  purified  material. 

A  crust  of  potassium  bromide  is  formed,  and  has  a  tendency  to  cover  the 
melted  potassium  hydroxide,  but  this  can  be  broken  by  means  of  a  stirrer 
or  by  shaking  the  materials.  The  preparation  of  phenylacetylene  is  thus 
made  comparatively  easy. 

John  C.  Hsssi.br. 

Contribution  vrou  ths  Mhu«on  iNSTmmt  oi^  Industrial  Rbssarch, 
UNivSRstry  OF  PrrrsBURGH,  Pittsburgh,  Pennsylvania. 

Received  November  32,  1921. 


The  Successive  Stages  of  the  Hydrolysis  of  Tri-acetin. — Since  the 
publication  of  my  article  under  this  title,  ^  my  attention  has  been  called 
to  the  extensive  investigations  of  Professor  Julius  Meyer*  in  this  field. 
This -investigator  studied  the  rate  of  acid  hydrolysis  and  of  alkaline  saponi- 
fication at  different  temperatures.  He  computed  the  velocity  constants 
ku  k2t  kz  of  the  single  stages  of  hydrolysis  from  his  experimental  results 
by  means  of  equations  which  he  developed,  and  compared  them  with  each 
other.  In  this  way,  the  assumption  of  Geitel  and  Abel  that  &i;  k%:  ks  = 
1:2:3  was  demonstrated  to  hold  both  for  the  acid  as  well  as  for  the 
alkaline  hydrolysis.  The  saponification  of  other  symmetrical  polyesters, 
for  instance  the  acetic  acid  ester  of  glycol,  the  ethyl  ester  of  malonic  and 
other  dibasic  acids,  was  also  found  to  be  in  accord  with  this  simple 
relation. 

My  results  and  conclusions,  obtained  by  a  different  method  both  of 
experimental  and  theoretical  treatment,  entirely  confirm  these  of  Meyer. 

E.  Yamasaki. 
Tokyo,  Japan. 

Received  December  20, 1021. 


» Yamasaki.  This  Journal,  42,  1455  (1920). 

>  Meyer.  Z.  Elektrochem.,  13,  186.  485  (1907);  Z.  physik,  Chem,,  66,  S7;  67,  267 

(1909). 
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TWENTY-EIGHTH    ANNUAL   REPORT    OF    THE    COMMITTEE 
ON  ATOMIC  WEIGHTS 

DETERMINATIONS  PUBLISHED  DURING  1921 
By  Gregory  Paul  Baxter* 

Received  January  27,  1022 

The  International  Committee  on  Atomic  Weights  recommends^  the 
following  changes  in  its  table. 

Aluminum 27.0  Thulium 169.9 

Bismuth 209.0  Silicon 28.1 

At  the  Second  International  Conference  of  Pure  and  Applied  Chemistry* 
at  Brussels,  in  June,  1921,  it  was  decided  that  the  old  International  Com- 
mittee on  Atomic  Weights  should  be  enlarged  and  renamed  the  Committee 
on  Chemical  Elements,  and  that  in  addition  to  atomic  weights,  it  should 
cover  the  fields  of  isotopes  and  radioactive  elements. 

Brauner'  recommends  to  the  New  International  Commission  on  Chemi- 
cal Elements  that  the  term  "atomic  weights"  be  confined  to  the  values 
obtained  by  chemical  methods  and  that  the  term  * 'atomic  masses"  be  used 
for  the  values  of  the  individual  isotopes  of  any  given  element.  He  also 
suggests  that  the  proposed  subcommittee  of  the  International  Commission 
be  called  a  "Subcommittee  for  Atomic  Weights." 

iTms  Journal,  43,  1751  (1921). 
«  /.  Ind.  Eng.  Chem.,  13,  737  (1921). 
•Brauner,  Chem.    News,    123,  230   (1921). 
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A  new  (fourth)  edition  of  Clarke's  Recalculation  of  the  Atomic  Weights 
has  been  published  as  a  Memoir  of  the  National  Academy  of  Sciences.^ 

Oddo^  advocates  a  return  to  the  hydrogen  basis  for  the  atomic  weight 
system  on  the  ground  that  th^  ratio  between  oxygen  and  hydrogen  is  now 
known  with  sufficient  accuracy.  The  suggestion  is  also  made  that  re- 
visions of  the  atomic  weight  table  be  less  frequent. 

Moles*  discusses  critically  determinations  published  in  1918-19. 

Determinations  published  during  1921,  besides  some  pubUshed  during 
1920,  but  not  included  in  the  last  report  are  given  below.. 

Boron. — Baxter  and  Scott^  in  a  brief  note  announce  that  the  anal3rsis 
of  both  boron  trichloride  and  boron  tribromide  has  yielded  the  value 
10. 83  for  the  atomic  weight  of  boron.  This  result  is  apparently  in  better 
accord  with  the  isotopic  ratio  estimated  by  Aston  than  the  recent  result 
of  Smith  and  Van  Haagen  (10.90). 

Oxygen. — Moles  and  Gonzalez'  have  redetermined  the  density  of 
oxygen  prepared  in  different  ways. 

mrce  of 

Density 
1.42882 

1.42849 
1 .42910 
1.42929 
1.42876 
1.42905 
1.42869 
1.42913 
1.42872 
1.42888 
1.42890 
1.42891 
1.42884 
1.42855 
1.42885 
1.42908 


Number  of 

Source  of 

Series 

globes 

oxygen 

2 

3 

KMn04 

4 

3 

KCIO, 

5 

3 

KM1104 

6 

2 

HgO 

7 

3 

KCIO, 

8 

3 

HgO 

10 

3. 

Ag^O 

11 

2 

KMnOi 

13 

3 

KMn04 

14 

3 

KMn04 

15 

2 

KMn04 

16 

3 

Ag,0 

17 

3 

AgsO 

18 

3 

KMn04 

19 

3 

Electrolysis 

20 

3 

Electrolysis 
Mean 

Source  of 

Number  of 

oxygen 

determinations 

KMn04 

19 

KCIO. 

6 

HgO 

5 

AgiO 

9 

Electrolysis 

6 

1.42889 

Density 

1.42886 

1.42862 

1.42915 

1.42891 

1 .42897 


*  Vol.  XVI.    Third  Memoir,  "The  Constants  of  Nature." 
lation  of  the  Atomic  Weights.     By  P.  W.   Clarke.     1920. 

•  Oddo,  Gazz,  chim.  iial.,  51,  161  (1921). 
<  Moles,  J,  chim,  phys.,  18,  414  (1920). 

»  Baxter  and  Scott,  Science,  N.  5.,  44,  524  (1921), 
•Moles  and  Gonzalez,  Compt.  rend.,  173,  355  (1921). 
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This  result  is  more  than  0.01%  lower  than  the  value  usually  assumed 
and,  if  used,  will  raise  in  this  proportion  the  molecular  weights  of  gases 
referred  to  oxygen. 

Fluorine. — Moles  and   Batuecas'  have  corrected   and   recalculated 

their  results  upon  the  density  of  methyl  fluoride.^**  After  new  corrections 

for  the  force  of  gravity  at  Madrid,  for  the  barometric  scale,  and  for  the 

contraction  of  the  globes  when  exhausted  have  been  applied,-  the  following 

densities  are  computed  from  the  determinations  at  different  pressures: 

1  atm.,  1.54507 ±0.00046;   V«  atm.,  1.53576;   V«  atm.,  1.52642.    Prom 

(4m) 
these  results  ^^-ii  =  1  +  X  is  computed  by  Guye's  "secondary  difference" 
(pv)i 

and  "algebraic"  methods  to  be  1.01803.     In  a  following  paper^^  these 

methods  are  shown  to  be  mathematically  identical. 

New  determinations  of  the  density  of  oxygen  prepared  from  potassium 

permanganate  are  presented. 

Globe  I  Globe  r  Globe  II  Globe  III 

1.42870  1.42946  1.42886 

1.42939  1.42949  1.42857 

1.42903  1.42843 

1.42872  1.42851  1.42777 

1.42892  1.42858  1.42907 


Av.       1.42893  1.42855  1.42933  1.42854 

General  mean  1 .42882 

The  molecular  weight  of  methyl  fluoride  is  calculated,  with  the  use  of 
this  value  for  the  density  of  oxygen  and  the  value  1.00097  for  1  +  X,  to 
be  34.025  and  the  atomic  weight  of  fluorine  to  be  19.002  (C  =  12.00; 
3H  =  3.023). 
If  the  density  of  oxygen  is  taken  as  1.4290,  fluorine  becomes  18.999. 
Chlorine. — Mile.  Irene  Curie"  has  compared  the  chlorine  in  certain 
geologically  ancient  minerals  with  ordinary  chlorine.  The  minerals  ex- 
amined were  sodaUte  from  Bancroft,  Canada,  chlorapatite  from  Bamle, 
Norway,  and  an  alkali  chloride,  probably  formed  by  the  weathering  of 
Archaean  granite,  found  in  Dar  Ouara,  Central  Africa.  In  every  case 
baritun  chloride  was  prepared  and  used  to  precipitate  known  weights  of 
silver  nitrate,  a  comparison  experiment  with  the  same  weight  of  silver 
nitrate  and  ordinary  chloride  being  carried  out  at  the  same  time. 

The  chlorine  from  sodaUte  and  apatite  is  like  ordinary  chlorine  within 
0.02  tmit  of  atomic  weight,  a  quantity  less  than  the  experimental  error. 
The  material  from  Dar  Ouara  yielded  slightly  more  silver  halide  than  it 

*  Moles  and  Batuecas,  /.  chim.  phys.,  18,  353  (1920). 

"/«rf.,  17,  537  (1919). 

"  Page  599. 

»  Curie,  Campt.  rend.,  172,  1025  (1921). 
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t.  of  AgNOi 

Source 

Wt.  of  AgCl 

G. 

G. 

0.3200 

sodalite 

0.2090 

0.3200 

ordinary 

0.2689 

3.8000 

sodalite 

3.2056 

3.8000 

3.2060 

1.4500 

apatite 

1.22295 

1.4500 

ordinary 

1.22276 

4.50000 

alkaU  chloride 

3.7963 

1.7001 

alkali  chloride 

1.4343 

1.7001 

ordinary 

1.4330 

should,  indicating  an  atomic  weight  as  high  as  35.60.  Iodine  and  bromine 
were  shown  to  be  absent  in  appreciable  quantities.  Further,  more  exact 
experiments  are  promised. 

Nickel. — Baxter  and  Parsons"  have  compared  terrestrial  and  meteoric 
nickel  by  reduction  of  the  oxide.  The  meteoric  nickel  was  obtained  from 
a  meteorite  found  near  Cumpas,  Sonora,  Mexico,  in  1903.  Iron  from  this 
meteorite  has  already  been  ^own  to  be  identical  with  terrestrial  iron.^* 
Both  specimens  of  nickel  were  carefully  freed  from  iron  and  cobalt,  and  the 
oxide  was  produced  by  ignition  of  the  nitrate.  Besides  reduction  of  the 
oxide  in  hydrogen,  occluded  gases  were  determined  in  each  sample  of  oxide. 
The  following  weights  are  corrected  for  gas  content  of  the  oxide  and  to  the 
vacuum  standard. 


wt.  of  NiO 

G. 
6.10962 

wt.  of  Ni 

G. 
4.80103 

Ratio  Ni:0 

At.  wt.  Ni 

Terrestrial 

3.66886 

58.702 

6.41296 

5.03963 

3.66964 

58.714 

6.91037 

5.43008 

3.66825 

58.692 

4.60083 

3 .61530 

3.66838 

58.694 

5.57105 

4.37793 

3.66931 

58.709 

5.59224 

4.39444 

3.66876 

58.700 

Av. 

3.66887 

58.702 

Meteoric 

6.65669 

5.23021 

3.66650 

58.664 

4.45619 

3.50201 

3.67018 

58.723 

4.64808 

3.65209 

3.66680 

58.669 

Av. 

3.66783 

58.685 

The  difference  between  the  two  series  is  within  the  experimental  error. 

Zinc. — Baxter  and  Hodges"  determined  the  zinc  in  zinc  chloride 
by  electrolytic  deposition  in  a  mercury  cathode.  The  problem  of  pre- 
paring anhydrous  neutral  zinc  chloride  was  solved  by  heating  zinc  bromide 
in  a  current  of  dry  chlorine.  Since,  when  weighed  quantities  of  zinc 
were  electrolytically  transported  through  an  aqueous  electrolyte  into  a 
weighed  mercury  cathode,  a  fairly  constant  excess  in  weight  of  the  factors 

"  Baxter  and  Parsons,  Tms  Journai,,  43,  507  (1921). 

"  Baxter  and  Thorvaldson,  ibid.,  33,  337  (1911).     Baxter  and  Hoover,  ibid.,  34, 
1657  (1912). 

"  Baxter  and  Hodges,  ibid.,  43,  1242  (1921). 
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over  the  products  of  0.23  mg.  was  found,  this  weight  is  subtracted  in 
each  experiment  from  the  weight  of  zinc  found  in  zinc  chloride.  Weights 
are  corrected  to  vacuum.    CI  =  35.457. 


Wt.  of  ZnCl. 
G. 

wt.  of  Zn 
G. 

Ratio  Zn:Cli 

At.  wt.  Zn 

5.86823 

2.81536 

0.92220 

65.397 

5.24761 

2.51698 

0.92176 

65.365 

6.34043 

3.04120 

0.92179 

65.368 

2.43167 

1.16657 

0.92219 

65.396 

4.73689 

2.27161 

0.92144 

65.343 

5.98605 

2.87068 

0.92147 

65?l45 

5.94448 

2.85136 

0.92184 

65.371 

5.80579 

2.78416 

0.92141 

65.341 

5.87593 

2.81862 

0.92193 

65.378 

4.00115 

1 .91976 

0.92234 

65.407 

3.51882 

1.68795 

0.92194 

65.378 

Av. 

0.92186 

65.372 

When  Expts.  5,  6,  8  and  10,  which  are  considered  less  trustworthy, 
are  rejected  the  result  becomes  65.379.  This  analysis  of  zinc  chloride 
thus  confirms  the  result  obtained  by  analysis  of  zinc  bromide,  upon  which 
the  value  in  current  use,  65.38,  depends. 

Germanium. — Miiller"  purified  germanium  material  by  processes 
which  included  (1)  distillation  of  the  chloride  from  hydrochloric  acid  so- 
lution in  a  stream  of  chlorine,  (2)  fractional  crystallization  of  the  hydrated 
oxide  from  aqueous  solution.  The  fluogermanate  of  potassium  was  then 
synthesized  from  the  purified  germanium  oxide,  potassium  carbonate 
and  hydrofluoric  add.  After  repeated  crystallization,  the  fluogermanate 
was  prepared  for  an  experiment  by  being  heated  to  constant  weight  at 
400-450°.  Conversion  to  potassium  chloride  took  place  in  a  platinum 
bulb  in  a  current  of  hydrogen  chloride  at  temperatures  ultimately 
high  enough  to  melt  the  product.  Weights  are  corrected  to  vacuum. 
K  =  39.10,  CI  =  35.46,  P  =  19.00. 


wt.  of  KiGeP* 

o. 

Wt.  of  KCl 
G. 

At.  wt.  Ge 

1.94831 

1 .09814 

72.37 

3.09380 

1.74350 

72.41 

2.10784 

1.18774 

72.44 

2.36113 

1.33044 

72.44 

4.38070 

2.46863 

72.42 

1 .52675 

0.85970 

72.45 

4.00100 

2.26483 

72.40 

Mean 


72.418 


Cadmium. — Baxter  and  Wilson"  determined  the  cadmium  in  anhy- 
drous cadmium  sulfate  by  electrolytic  deposition  in  a  weighed  mercury 
»  Miiller,  This  Journal,  43,  10a5  (1921). 
"  Baxter  and  Wilson,  ibid.,  43,  1230  (1921). 
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cathode.  Blank  experiments  in  which  weighed  buttons  of  pure  cadmium 
were  electrolytically  transported  through  an  aqueous  electrolyte  showed 
an  average  gain  of  0.18  mg.  A  negative  correction  of  this  magnitude 
is  applied  to  the  weight  of  cadmium  obtained  in  each  analysis  of  cadmitun 
sulfate.  The  cadmium  sulfate  was  heated  to  constant  weight  in  a  current 
of  air  and  sulfur  trioxide  at  700°.    Weights  are  corrected  to  vacuum. 


S  =  32.060. 

Wt.  of  CdS04 
G. 

wt.  of  Cd     • 
G. 

RaUo  Cd:S04 

At.  wt.  C 

3.0^3 

1.97033 

1.16934 

112.324 

4.59450 

2.47718 

1.16996 

112.386 

•     4.12057 

2.22166 

1.16997 

112.387 

6.34263 

2.88076 

1.17016 

112.405 

6.19309 

3.33940 

1.17020 

112.410 

6.66766 

3.63674 

1.17004 

112.394 

6.04137 

3.25736 

1.17002 

112.392 

7.62884 

4.06010 

1.17048 

112.437 

6.68281 

3.64949 

1.17016 

112.406 

6.70646 

3.61650 

1.17040 

112.429 

6.56069 

3.63730 

1.17002 

112.392 

Av. 

1.17007 

112.397 

Av.  of  last  7  analyses . . 

..     1.17019 

112.409 

This  evidence  supports  the  higher  of  the  two  conflicting  values  for  this 
constant. 

Antimony. — Willard  and  McAlpine**  synthesized  antimony  tribro- 
mide  from  carefully  purified  antimony  and  bromine  in  an  atmosphere 
of  nitrogen  in  an  all-glass  apparatus.  The  product  was  fractionally 
distilled  under  a  low  pressure  of  nitrogen  and  was  collected  in  sealed  glass 
bulbs.  After  being  weighed  in  an  exhausted  weighing  bottle,  the  bulbs 
were  broken  under  tartaric  add  solution.  The  glass  was  collected  and 
weighed  and  the  solutions  were  precipitated  with  weighed  equivalent 
amounts  of  silver.  After  the  silver  equivalent  had  been  found,  the  silver 
bromide  was  collected.  Material  analyzed  in  the  preliminary  series 
was  prepared  from  Kahlbaum's  antimony.  In  Series  B  and  D,  metal 
reduced  from  the  oxide  by  hydrogen  was  employed.  In  Series  C  the 
metal  was  reduced  by  sodium  cyanide.  Weights  are  corrected  to  vacuum. 
Br  =  79.916. 


Preliminary  Series 

wt.  of  SbBn 
G. 

wt.  of  Ag 
G. 

Ratio  SbBn:3Ag 

At.  wt.  Sb 

2.64062 

2.27493 

1.11676 

121.676 

3.86869 

3.46607 

1.11646 

121 .677 

4.07278 

3.64722 

1.11668 

121.661 

3.80772 

3.40997 

1.11664 

121.638 

4.72332 

4.23070 

1.11644 

121.674 

Av. 

1.11663 

121 .623 

»  Willard  and  McAlpine,  This  Journai,,  43,  797  (1921). 
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Pinal  Series  B 

Ratio 

Ratio 

¥t.  of  SbBn 
G. 

WtiofAc 
G. 

SbBn:8A8 

At.  Wt.  Sb 

wt.  of  AgBr 
G. 

SbBn:3AgBr 

At.wt.Sb 

4.17410 

3.73672 

1.11705 

121.771 

6.50517 

0.641659 

121 .774 

4.97603 

4.45524 

1.11710 

121 .787 

7.76589 

0.641697 

121.775 

5.97344 

5.34702 

1.11715 

121.803 

9.30873 

0.641703 

121 .759 

5.65589 

5.06310 

1.11708 

121 .781 

8.81443 

0.641663 

121.756 

Av. 

1.11710 

121 .786 
Pinal  Series  C 

Av. 

0.641680 

121 .766 

3.64686 

3.26462 

1.11709 

121.784 

5.68301 

0.641713 

121.784 

3.64435 

3.26258 

1.11701 

121 .768 

5.67970 

0.641645 

121.746 

3.35749 

3.00574 

1.11703 

121.765 

5.23284 

0.641619 

121.731 

2.92082 

2.61469 

1.11712 

121.794 

4.55149 

0.641728 

121 .793 

Av. 

1.11706 

121 .777 
Pinal  Series  D 

Av. 

0.641679 

121 .764 

3.39050 

3.03541 

1.11699 

121 .752 

5.28506 

0.641525 

121 .678 

4.32024 

3.86739 

1.11709 

121 .784 

6.73334 

0.641619 

121 .731 

4.70618 

4.21221 

1.11703 

121 .766 

7.33279 

0.641663 

121 .756 

Av. 

1.11704 

121 .767 

Av. 

0.641602 

121 .722 

The  avenge  value,  121.77,  is  more  than  a  per  cent,  higher  than  the  value 
recommended  by  the  International  Committee  on  Atomic  Weights. 

T#anthaniini. — ^Baxter,  Tani  and  Chapin^'  fractionated  two  specimens 
of  lanthatiiim  ammonium  nitrate  until  the  least  soluble  fractions  were 
apparently  free  from  cerium.  Lanthanum  chloride  was  prepared  through 
the  oxide  and  after  being  dried  was  compared  with  silver  and  silver 
chloride.  No  systematic  differences  could  be  detected  between  the  differ- 
ent fractions  examined.  Vacuum  weights  are  given.  Ag  =  107.880, 
CI  =  35.457. 


Fraction  of  LaCU 

wt.  of  LaCb             wt.  of  Ag 
G.                             G. 

RatiotaClt:3Ag 

At.  wt.  La 

C27 

3.45559             4.55950 

0.757888 

138.912 

C3+4 

5.75303             7.59134 

0.757841 

138.897 

C3+4 

8.18782            10.80361 

0.757878 

138.909 

Tl 

6.80122             8.97359 

0.757915 

138.921 

Tl 

6.73670             8.88829 

0.757930 

138.925 

T5 

5.43254              7.16772 

0.757917 

138.921 

Av. 

0.757895 

138.914 

wt.of  Aga 

Ratio  LaCI»:3AgC! 

C27 

3.67748             6.44558 

0.570543 

138.969 

C3  +  4 

5.33464             9.35255 

0.570394 

138.905 

C3+4 

5.75303            10.08611 

0.570391 

138.904 

C3  +  4 

8.18782            14.35625 

0.670331 

138.878 

Tl 

6.80122            11.92332 

0.570413 

138.913 

Tl 

6.73670           11.80952 

0.570447 

138.927 

T5 

5.43254             9.52463 

0.570368 

138.893 

Av.               0.570413 
ind  Chapin,  Tras  Journal,  43,  1080  (1921);  a  lai 

138.913 

»  Baxter,  Tani  a 

ter  note  corrects 

Wd.,  44,  328  (1922)).      These  corrections  have  been  made  ^\ 

the  abpv?  tables, 
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'     This  value  is  nearly  0. 1  unit  lower  than  the  one  in  common  use. 

Bismuth. — Classen  and  Ney^®  prepared  bismuth  triphenyl  by  the  action 
of  purified  bismuth  bromide  on  phenyl  magnesium  bromide,  and  purified 
the  product  by  crystallization  from  alcohol  and  by  distillation.  After 
being  dried  in  a  high  vacuum  over  phosphorus  pentoxide,  weighed  amotmts 
were  heated  with  oxalic  acid  and  a  small  amotmt  of  alcohol,  at  gradually 
increasing  temperatures  up  to  750®.  Constant  weight  of  the  resulting 
bismuth  oxide  was  secured.  Vacuum  weights  are  given  in  the  following 
table.    H    =    1.008,  C    =    12.005. 


Ratio 

Wt.  of  Bi(C«Hi)i 
O. 

wt.  of  Bi»0» 
G. 

2Bi(C.H.),  :  BbOi 

At.  wt.  Bi 

5.45873 

2.89068 

1.88964 

208.941 

6.80360 

3.60267 

1.88962 

208.920 

3.61096 

1.86942 

1.88936 

208.987 

4.66421 

2.41767 

1.88909 

209.069 

6.17839 

2.74216 

1.88960 

208.925 

3.41677 

1.80968 

1.88921 

209.027 

2.34627 

1.24281 

1.88904 

209.072 

4.49340 

2.38032 

1.88933 

208.996 

4.66906 

2.41489 

1 .88906 

209.069 

3.64677 

1.93129 

1.88942 

208.971 

Av. 

1.88933 

208.997 

The  average  result  agrees  very  well  with  the  following  value  found  by 
Honigschmid  and  Birckenbach,  but  the  latter  point  out  that  if  C  =  12 .  001 
and  H  =  1.0077  the  above  value  becomes  208.91. 

Bismuth. — Honigschmid  and  Birckenbach^*  have  published  a  more 
extended  account  of  the  analysis  of  bismuth  chloride,^*  which  was  summa- 
rized in  the  last  report,  and  have  in  addition  analyzed  bismuth  bromide. 
Both  salts  were  prepared  by  synthesis  from  several  specimens  of  purified 
metal  and  the  corresponding  halogen,  and  after  sublimation  in  a  current 
of  dry  nitrogen  were  transferred  to  a  weighing  bottle  without  exposure 
to  moisture.  After  the  salt  had  been  dissolved  in  3  N  nitric  acid,  to  avoid 
hydrolysis,  it  was  compared  with  silver  and  finally  the  silver  halide  was 
collected.  Experiments  with  potassium  halides  showed  that  the  nitric 
acid  caused  no  loss  of  halogen.  Series  I  was  included  in  the  last  report, 
but  since  a  small  correction  has  been  subsequently  applied  for  silver  con- 
tained in  the  distilled  water,  owing  to  the  use  of  a  silver  condenser,  and  since 
a  few  additional  experiments  are  included,  the  results  of  this  series  are 
given  again.  Weights  are  in  a  vacuum.  CI  =  35.457,  Br  =  79.916,  Ag 
=    107.880. 

»  Classen  and  Ney,  Ber.,  53B,  2267  (1920);    Z.  anorg.  allgem.  Chem.,    115,  263 
(1921). 

"Honigschmid  and  Birckenbach,  Ber.,  54B,  1873  (1921). 
"  ponigschmid,  Z.  Elektrochem.,  26,  403  (1930). 
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Seribs  I 


Sam- 

RaUo 

RaUo 

Pte 

Wt.ofBiCb 

Wt.of  Ag 

BiCU  :  3Ak 

At.  wt.  Bi 

Wt.ofAgCl 

BiCU:3AgCl 

At.wt.Bi 

3.29894 

3.38572 

0.974369 

208.97 

4.49789 

0.733442 

209.02 

3.54331 

3.63644 

0.974390 

208.98 

4.83067 

0.733503 

209.04 

4.74125 

4.86573 

0.974417 

208.99 

6.46455 

0.733423 

209.01 

2.64020 

2.70984 

0.974301 

208.95 

3.59956 

0.733479 

209.03 

4.49476 

4.61253 

0.974467 

209.01 

6.12841 

0.733430 

209.01 

5.19912 

5.33556 

0.974428 

208.99 

7.08896 

0.733411 

209.00 

4.36220 

. « . . « 

5.94742 

0.733461 

209.03 

4.42249 

.... 

6.02960 

0.733463 

209.03 

3 

4.82566 



6.57976 

0.733408 

209.00 

2 

4.99471 

5.12592 

.  0.974402 

208.99 

6.80969 

0.733471 

209.03 

2 

5.29284 

5.43179 

0.974419 

208.99 

7.21652 

0.733434 

209.01 

2 

4.62983 

4.75126 

0.974442 

209.00 

6.31252 

0.733436 

209.02 

2 

5.67213 

5.82103 

0.974420 

208.99 

7.73383 

0.733418 

209.01 

5 

5.69460 

5.84417 

0.974407 

208.99 

7.76479 

0.733388 

208.99 

5 

5.96312 

6.11973 

0.974409 

208.99 

8.13087 

0.733393 

209.00 

4 

5.57877 

7.60652 

0.733419 

209.01 

4b 

6.24054 

6.40429 

0.974431 

208.99 

8.50911 

0.733395 

209.00 

2 

6.30709 

6.47269 

0.974416 

208.99 

8.60003 

0.733380 

208.99 

6 

5.88272 

8.02168 

0.733352 

208.98 

6 

4.46068 

4.57809 

0.974354 

208.97 

6.08213 

0.733407 

209.00 

Weighted  Mean  0.974406      208.99 


0.733426      209.01 


Wt.  of  BiBri 

7.29339 
5.39630 
3.70766 
5.60993 
4.31679 
6.08198 
5.79839 
5.57802 
6.12608 
5.49746 
5.94212 
5.36148 
5.44985 
5.02784 
5.05097 
3.91823 
4.90320 
6.40360 


wt.  of  Ag 


4.04608 
3.11345 
4.38645 
4.18189 
4.02293 
4.41819 


4.28542 
3.86663 
3.93049 
3.62606 
3.64271 
2.82605 


4.61829 


Weighted  Mean 


Ratio 
BiBrc  :  3Ag 


1 

38651 
38650 
38654 
38655 
38656 
38656 

38659 
38660 
38656 
38658 
38660 
38647 

38657 

SSRIBS  II 


At.  wt.  Bi 


208.98 
208.98 
208.99 
208.99 
209.00 
209.00 

209.01 
209.01 
209.00 
209.01 
209.01 
208.97 

209.00 


1.38655   209.00 


wt.  of  AgBr 

9.15727 
6.77528 
4.65512 
7.04331 
5.41993 
7.63592 
7.27982 


6.90203 
7.46066 
6.73168 


6.31276 


4.91968 
6.15616 
8.03956 


Ratio 
BiBn :  AgBr 

0.796458 
0.796468 
0.796469 
0.796490 
0.796466 
0.796496 
0.796501 


0.796498 
0.796460 
0.796454 


0.796440 
0.796470 
0.796511 


At.wT.  Bi 

208.97 
208.97 
208.97 
208.99 
208.97 
208.99 
208.99 


208.99 
208.97 
208.97 


0.796457    208.97 


208.96 
208.97 
209.00 


0.796474    208.98 
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S8RI9S  III 

Wt.of  BiCla 

wt.of  Ag 

Ratio 
BiCb  :  3Ag 

At.  wt.  Bi 

wt.  of  Aga 

Ratio 
BiCb  :  3Aga 

At.wt.Bi 

6.92659 

6.08198 

0.974451 

209.00 

8.08075 

0.733429 

209.01 

5.67415 

5.82301 

0.974436 

209.00 

7.73633 

0.733442 

209.02 

5.67569 

5.82448 

0.974454 

209.00 

7.73886 

0.733401 

209.00 

6.01087 

6.16839 

0.974467 

209.00 

8.19606 

0.733385 

208.99 

3.99300 

4.09773 

0.974441 

209.00 

5.44469 

0.733376 

208.99 

6.69026 

6.86567 

0.974451 

209.00 

9.12219 

0.733405 

209.00 

6.06332 

6.22248 

0.974421 

208.99 

8.26735 

0.733405 

209.00 

6.26505 

6.42952 

0.974419. 

208.99 

8.54321 

0.733337 

208.97 

4.82012 

4.94648 

0.974454 

209.00 

6.57250 

0.733376 

206.99 

6.44339 

6.61235 

0.974448 

209.00 



6.04882 

6.20743 

0.974448 

209.00 

8.24779 

0.733387 

208.99 

1.77359 

1.82015 

0.974419 

208.99 

2.41846 

0.733365 

208.98 

6.42838 

8.76453 

0.733454 

209  02 

3.58931 

4.89385 

0.733432 

209.01 

4.91588 

.... 

6.70282 

0.733404 

209.00 

5.70608 

ed  Mean 

.... 

7.78038 

0.733393 

209.00 

Weight 

0.974442 

209.00 

0.733399 

209.00 

SbriBS  IV 

Wt.ofBiBra 

Wt.of  Ag 

Ratio 
BiBn:3Ag 

At.wt.Bi 

Wt.ofAgBr 

Ratio 
BiBr»:3AgBr 

At.  wt.  Bi 

7.64984 

5.51723 

1.38654 

208.99 



5.73427 

4.13564 

1.38655 

209.00 

.. 

6.74400 

4.86378 

1.38658 

209.00 

8.46713 

0.796491 

208 

99 

5.69756 

4.10915 

1.38655 

209.00 

7.15302 

0.796526 

209 

01 

3.1lf77 

2.24420 

1.38655 

208.99 

3.90698 

0.796464 

208 

97 

5.91488 

4.26588 

1.38656 

209.00 

7.07209 

5.10050 

1.38652 

208.99 

3.91069 

2.82047 

1.38654 

208.99 

4.59461 

3.31368 

1.38656 

209.00 

7.07280 

5.10087 

1.38659 

209.00 

5.35474 

.... 

6.72284 

0.796500 

208. 

99 

Weighted  Mean 

1.38656 

209.00 

0.796495 

208 

99 

The  general  mean  of  all  the  series  is  209.00. 

During  recent  years  the  application  of  positive  ray  analysis  by  Thomp- 
son, Aston  and  Dempster  has  fmnished  experimental  evidence  that  many 
at  any  rate  of  the  elements  are  mixtures  of  isotopes  having  atomic  weights 
which  are  very  nearly  integers  referred  to  oxygen  as  16,  the  * 'chemical*' 
atomic  weight  being  the  statistical  average  of  the  components  in  the  mix- 
ture. A  list  of  the  isotopes  of  the  existence  of  which  there  is  experimental 
evidence  is  given  below.**  Radioactive  disintegration  products  are. 
omitted. 

"Aston,  PhU,  Mag.,  42,  143  (1921);   42,  440  (1921);    Nature,  107,  520  (1921). 
Dempster,  Science  N.  5.,  52,  559  (1920);   Phy^.  Rev.,  17,  427  (1921). 
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, 

A&inimum 

Mass  of  isotopes 

Atomic 

Atomic 

number  of 

in  the  order  of 

Element 

number 

weight 

isotopes 

intensity 

H 

1 

1.008 

1 

1.008 

He 

2 

3.99 

1 

4 

Li 

3 

6.94 

2 

7.6 

B 

5 

10.9 

2 

10,11 

c 

6 

12.00 

1 

12 

N 

7 

14.01 

1 

14 

O 

8 

16.00 

1 

16 

F 

9 

19.00 

1 

19 

Nc 

10 

20.2 

2 

20,22(21) 

Na 

11 

23.00 

1 

23 

Mg 

12 

24.36 

3 

24.26.26 

Si 

14 

28.1 

2 

28,29(30) 

P 

16 

31.04 

1 

31 

S 

16 

32.06 

1 

32 

CI 

17 

36.46 

2 

36,37(39) 

A 

18 

39.88 

2 

40.36 

K 

19 

39.10 

2 

39.41 

Ni 

28 

68.68 

2 

68,60 

As 

33 

74.96 

1 

76 

Br 

36 

79.92 

2 

79,81 

Kr 

36 

82.92 

6 

84.86,82.83.80.78 

Rb 

37 

86.45 

2 

86,87 

I 

63 

126.92 

1 

127 

X 

64 

130.2 

5(7) 

129. 132, 131, 134, 136,  (128),  (130?) 

Cs 

66 

132.81 

1 

133 

Hg 

80 

200.6 

(6) 

(197-200),  202, 204 

It  is  to  be  noted,  however,  that  radium-lead  of  atomic  weight  as  low  as 
206.06  has  been  isolated,^^  and  thorimn-lead  as  high  as  207.9.^^  The  relation 
of  these  to  ordinary  lead  remains  to  be  determined.  Thorimn  containing 
ionitmi  has  been  found  to  have  a  lower  average  atoiiiic  weight  than  thorium.^* 

Bxperimental  evidence  of  the  partial  separation  of  the  isotopes  of  neon 
has  been  obtained  by  Aston  and  Lindemann,*^  of  chlorine  by  Harkins*' 
and  by  Bronsted  and  von  Hevesy,*®  and  of  mercury  by  Bronsted  and 
von  Hevesy*®  and  by  Harkins.'^ 

T.  JEPPSRSON  COOUDGS.  JR.,  CHEMICAL  LABORATORY, 

Harvard  UNivSRsrrv, 
Cambrtogs  38,  Massachusetts 

s«  HQmgsdmiid  and  Mme.  St.  Horovitz, 5i/«fc.  k.  Akad.  Wien.,  AbL  IIA,  123, 1  (1914)  ; 
Manalsh.,  36, 366  (1916).    Richards  and  Wadsworth,  This  Journal,  38,  2613  (1916). 

»  Z.  Elektrochem.,  25,  91  (1919). 

«  Hdnigschmid,  ibid.,  22,  18  (1916). 

^  Aston,  Report  Brit,  Ass,  Ado.  Sci.,  1913, 403.  Aston  and  Lindemann,  PkU.  Mag., 
39,  460  (1920). 

«  Harkins,  Phys.  Reu.,  15,  74  (1920);  Science,  N.  5.,  51,  289  (1920);  Nature, 
105,  230  (1920).    Harldns  and  Hayes,  Tms  Journal,  43,  1803  (1921). 

>*BT6nsted  and  von  Hevesy,  Nature,  July,  1921. 

"BrOnsted  and  von  Hevesy,  ibid.,  Sept.,  1920;  Z.  physik.  Chem.,  99,  189(1921); 
Pm.  Mag.,  43,  31  (1922). 

« Harkins,  This  Journal,  44, 37  (1922).  ^  ^ 
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DOITBLE  AND  TRIPLE  BONDS,  AND  ELECTRON  STRUCTURES 
IN  UNSATURATED  MOLECXJLES 

By  E.  D.  Eastbcan 

Received  January  4.  1021 

The  conception  of  multiple  bonds  which  will  be  presented  here  is  based 
upon  the  Lewis^  theory  of  molecular  structure  and  valence,  but  departs 
from  it  in  several  essential  respects.  Among  the  more  important  differ- 
ences is  the  assumption  that  while  the  group  of  eight*  is  usually  maintained 
about  each  atomic  kernel  in  any  molecule,  the  valence  bonds,  whether 
"single"  or  "multiple,"  consist  almost  universally  of  but  two  electrons, 
mutually  shared  by  two  atoms.' 

To  show  how  this  state  might  be  realized,  it  will  be  recalled  that  the  ele- 
ments comprising  the  first  period,  lithium  to  fluorine,  each  possess  2  elec- 
trons which  ordinarily  do  not  act  as  valence  electrons.*  They  appear  to 
form  a  sort  of  primary  "shell,"  persisting  through  the  entire  period  of 
elements  and  appearing  also  in  hydride  ion  and  in  helium.  In  helium  the 
group  of  two  is  very  stable  but  in  hydride  ion  it  is  much  less  so.  In  the 
other  elements  it  may  be  intermediate  between  these  two  extremes,  and  it 
is  possible  that  under  drcumstanqes  which  make  it  difficult  for  the  group 
of  eight  to  be  completed  about  them,  the  inner  electrons  may  themselves 
take  part  in  the  formation  of  octets.  Adopting  this  hypothesis,  the  picture 
of  the  double  bond  which  is  now  proposed  is  that  of  one  atom  in  which  the 
central  electrons  have  been  drawn  into  the  outer  octet,  joined  by  two 
electrons  to  another  atom  in  which  the  normal  arrangement  is  preserved. 
In  cases  of  triple  bondingj^the  inner  two  electrons  are  assumed  to  have  been 
drawn  into  the  outer  shell  in  each  of  two  adjacent  atoms,  there  being  again 
two  electrons  held  in  common.  These  Unkings  are  illustrated  and  com- 
pared with  the  saturated  bond  in  the  accompanying  formulas  of  ethane, 
ethylene  and  acetylene.  The  symbols  here  represent  atomic  nuclei,  and  all 
electrons  outside  are  indicated  by  dots. 

H      H  H    H 

••••  ■•••  •••• 

H:-C-J-C«:H  :-C-:C:  H:C:C:H 

••       ••  ••••  ••••' 

H      H  H    H 

Ethane  Ethylene  Acetylene 


1  Lewis,  This  Journai,,  38,  762  (1916).     I^angmuir,  ibid.,  41,  868  (1919). 

*  Langmuir,  ibid.,  42, 274  (1920)  emphasizes  the  importance  of  the  octet  of  electrons. 
'  The  two  electron  double  bond  is  also  assumed  in  the  "sextet"  theory  of  Rodebush 

and  Latimer,  ibid.,  42,  1419  (1920). 

*  For  example,  taking  the  atomic  number  of  carbon,  6,  to  represent  the  positive 
charge  of  the  nucleus,  there  must  be  6  electrons  outside  of  the  nucleus.  Of  these,  4  are 
the  so-called  valence  electrons,  leaving  2  which  do  not  act  as  bonds  in  saturated  com- 
potmds. 
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In  the  succeeding  sections  of  this  article  the  more  general  aspects  of  the 
above  ideas  will  first  be  developed,  following  which  specific  applications 
will  be  made  to  the  properties  and  reactions  of  various  unsaturated  sub- 
stances. 

General  Considerations 

Specification  of  Elements  which  can  Form  Multiple  Bonds. — ^Prom  a 
study  of  the  properties  of  numerous  substances,  Lewis  concludes  that  the 
ability  to  form  non-polar  multiple  bonds  is  peculiar  to  the  first  period  ele- 
ments.* The  same  conclusion  follows  readily  from  the  present  theory. 
Once  a  complete  shell  is  formed  about  the  inner  two  electrons  the  possi- 
bility of  their  participation  in  bond  formation  should  be  almost  or  quite 
excluded.  This  wotdd  lead  to  the  requirement  that  one  at  least  of  any  two 
doubly  bonded  atoms,  and  both  atoms  of  a  triple  bond,  must  be  of  the 
Sist  period. 

Differentiation  among  the  elements  within  the  period,  so  far  as  bonding 
is  concerned,  is  perhaps  to  be  traced  to  the  differing  nuclear  charges. 
Lithium,  with  its  small  charge,  shotdd  more  readily  lose  1  electron,  re- 
verting to  the  group  of  2,  than  gain  5,  forming  an  unsaturated  octet. 
The  fluorine  nudeus  because  of  its  large  charge  should  easily  gain  and  hold 
the  one  electron  needed  to  complete  both  shells  about  it.  The  middle 
elements  only  will  then  show  tendencies  to  form  the  unsaturated  group. 

Laws  of  Force. — ^The  laws  of  force  which  hold  at  short  distances  be- 
tween positively  charged  particles,  between  negative  electrons,  and  be- 
tween positive  and  negative  particles,  are  of  great  importance  in  any 
theory  of  atomic  or  molecular  structure.  Unfortimately  very  little  is 
known  concerning  these  laws.  From  experiments*  on  scattering  of  a 
particles  it  is  indicated  that  the  inverse-square  law  of  repulsion  of  positive 
particles  holds  to  within  10"^^  cm.  of  the  nuclei  of  certain  metallic  atoms. 
The  inverse-square  law  of  repulsion  is  usually  assumed  to  hold  for  electrons 
also.  The  paired  electrons  of  the  Lewis  tetrahedral  atom,  however,  re- 
quire the  assumption  that  electrons  in  the  shells  of  atoms  attract  each 
other  when  dose  together.  The  little  independent  evidence  whidi  exists 
on  this  point  is  negative  in  diaracter.  Fewer  double  charges  are  obtained,^ 
for  example,  when  the  molecules  of  air  or  particles  of  shellac  or  sulfur 
are  ionized  by  various  agents  than  might  be  expected  if  the  electrons  which 
are  expelled  exist  in  dosely  assodated  pairs.    In  spite  of  this,  the  attractive 

*  The  author's  thanks  are  due  to  Professor  Lewis  for  permission  to  include  this 
generalization,  which  has  not  been  published.  Its  significance  hinges  largely  on  the 
idea  of  the  non-polar  bond.  Thus  molecules  containing  only  such  bonds  have  small 
external  fields,  form  low  melting,  readily  volatile  substances,  etc.,  ideas  which  are  elabo- 
rated in  the  several  papers  already  referred  to.  Here  it  will  only  be  said  that  there  are 
few,  if  any,  exceptions  to  the  rule  above. 

•  Chadwick.  PhU.  Mag,,  40,  734  (1920).  • 

'  Mmskan  and  Fletcher,  ibid.,  21,  763  (1911).    Kelly,  Phys,  Rev.,  16,  260  (1920). 
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force  idea  presents  many  appealing  features,  and  it  may  be  necessary  later 
to  accept  it.  At  the  present  time,  however,  it  app^u^  desirable  to  do 
without  this  assumption  if  possible. 

Turning  to  the  case  of  a  positive  and  a  negative  particle,  Lewis'  points 
out  that  Coulomb's  law  must  fail  at  short  distances,  and  suggests  that  the 
force  changes  periodically  in  a  certain  r^on  from  attraction  to  repulsion. 
In  Fig.  !•  which  depicts  one  such  possibility,  the  force,  /,  between  particles 
is  plotted  against  the  distance,  r,  separating  them..  The  inverse-square 
law  is  not  approached  until  r  is  relatively  large.  The  points  A,  B  and  C 
represent  equilibrium  positions  to  which  electrons  displaced  by  small 
amounts  would  tend  to  return.  That  a  number  of  such  positions^^  are 
present  in  or  about  all  atoms  cannot  be  doubted.  For  purposes  of  illus- 
tration and  with  no  intent  to  assign  definite  causes  or  laws.  Fig.  1  will  be 

assumed  to  represent  this  con- 
dition in  a  rough  qualitative 
way,  and  will  be  used  to  corre- 
late the  facts  discussed  under 
the  following  topics. 

Formation  of  ^'Extended  Oc- 
tets."— ^In  saturated  molecules, 
the  inner  2  electrons  of  a  car- 
bon atom  may  be  imagined  to 
be  located,  for  example,  at  A 
in  Fig.  1,  while  the  shell  of  8 
has  the  radius  B.  The  forma- 
tion of  a  multiple  bond  requires 
the  exertion  of  powerful  disrup- 
tive forces  upon  the  electron 
shells  (as  in  the  splitting  off  of 
chlorine  atoms  with  their  tightly  held  electrons).  Under  such  influences, 
2  of  the  10  electrons  are  lost  entirely  by  the  atom,  and  the  inner  2, 
together  with  the  remaining  6  of  the  original  octet,  are  asstuned  to  be 
drawn  out  to  form  a  new  shell  of  larger  size  at  C.  The  increased  size  as- 
sumed and  the  absence  of  the  center  electrons  has  suggested  the  designa- 
tion of  this  group  as  the  ''extended  octet." 

Reactivity  and  Stability. — The  new  grouping  is  well  suited  to  represent 
the  characteristics  of  tmsaturated  bodies.  These  in  general  cannot  be 
classed  as  highly  reactive,  which  is  attested  by  the  fact  that  in  thet3rpical 
cases  they  are  thermodynamically  unstable.  They  shotdd  therefore 
decompose  into  other  substances  if  they  were  reactive.    The  presence  of  the 

•  Lewis,  Science,  N.  S.,  46, 297  (1917). 

•  From  8 paper  bjt  Dushman,  Gen.  Elec.  Reu.,  20, 407  (1917). 

^^  Corresponding  in  the  static  atom  to  the  different  orbits  of  Bohr's  model. 


Fig.  1. — Deviations  from  Coulomb's  Law. 
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octet  structure  may  account  in  part  for  this  lack  of  great  activity.  The 
possibility  of  retiuning  to  the  regular  grouping,  and  the  weakened  con- 
straints on  the  electrons  (indicated  by  the  smaller  slope  of  the  curve  in 
Fig.  1  near  the  outer  equilibrium  positions)  render  them  more  reactive  than 
similar  saturated  bodies. 

The  change  with  temperature  in  the  stability  of  such  a  substance  as 
acetylene  is  interesting.  At  ordinary  temperatures  the  amplitudes  of  the 
electrons  in  Position  C  in  Fig.  1  will  be  small.  As  the  temperature  is  in- 
creased, however,  they  gain  sufficient  energy  to  carry  them  past  the  mini- 
mum in  the  ciu^e  to  the  left  of  C.  Their  transfer  to  the  inner  positions 
is  then  spontaneous,  and  a  reaction  occurs,  the  products  of  which  are  carbon 
(with  the  normal  octet)  and  hydrogen.  As  the  temperature  is  still  fiulher 
increased,  the  thermal  energy  of  the  electrons  becomes  so  great  that 
they  .can  no  longer  remain  in  the  inner  positions,  and  the  formation  of  the 
extended  octet  is  favored.  Acetylene  therefore  becomes  stable  with  re- 
spect to  hydrogen  and  carbon. 

Ammgement  of  Electrons. — ^For  the  sake  of  simplicity  the  arrangement 
of  electrons  in  all  octets  has  been  assumed  to  be  essentially  cubic.  In  all 
probability  the  actual  structures  are  often  intermediate  between  cubes 
and  tetrahedra,  and  may  closely  approach  the  latter,  on  account  of  the 
attraction  exerted  by  the  nuclei  on  the  electrons  of  the  bonds.  A  grouping 
by  twos  (which  is  in  no  sense  pairing  due  to  attraction)  may  also  result  if 
there  is  a  maximum  in  the  repulsion-distance  curve  of  electrons,  as  as- 
sumed by  Mr.  Huggins  of  this  Laboratory.  In  any  event  the  tetrahedral 
direction  of  the  four  bonds  in  saturated  compounds  is  no  doubt  main- 
tained. It  is  this  direction  of  bonds,  rather  than  any  atomic  configuration, 
which  has  been  valuable  in  organic  chemistry. 

For  the  sake  of  convenience  in  representation,  no  attempt  is  made  in 
general  in  the  formulas  of  this  paper  to  indicate  distortions  firom  the  cubic 
arrangement  or  the  enlarged  size  of  extended  octets. 

Free  Rotation. — ^The  differences  between  single  or  triple  bonds  and  the 
double  bonds  of  this  theory  should  not  be  overlooked.  The  structures 
about  the  former  two  are  entirely  symmetrical.  In  the  latter  this  sym- 
metry is  absent.  Due  to  the  different  sizes  of  the  connected  octets,  the 
electrons  in  double  bonds  are  probably  spread  apart  farther  than  usual  in 
the  normal  bond.  The  abnormal  stresses  which  restdt  between  the  elec- 
trons of  the  bond  and  those  of  each  of  the  adjoining  structures  (perhaps 
even  involving  the  inner  electrons  of  the  normal  octet)  might  easily  be 
such  as  to  oppose  free  rotation  of  the  atomic  shells  with  respect  to  each 
other.  Indeed,  when  analyzed  in  this  light  there  is  little  difference  be- 
tween the  2-electron  bond  of  this  theory  and  the  4-electron  bond  with  the 
tetrahedral  arrangement.     Especially  when  it  is  recalled  to  what  extent 
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the  prevention  of  rotation  is  due  to  specific  eflFects/^  it  appears  that  diflFer- 
ences  of  the  double  from  the  single  bond  are  of  degree  only,  and  the  ideas 
above  provide  sufficient  basis  for  the  interpretation  of  the  facts. 

Type  Reactions. — ^The  substances  which  may  add  directly  to  un- 
saturated bodies  are  confined  to  two  fairly  definite  groups,  the  one  con- 
sisting of  bodies  like  the  halogens  and  halogen  hydrides,  the  other  em- 
bracing substances  which  are  themselves  imsaturated.  The  molecules  of 
the  first  tjrpe  may  be  regarded  as  potentially  ionized,  or  ready  to  separate 
with  an  unequal  division  of  electrons  between  two  atoms.  When  a  bromine 
molecule,  for  example,  collides  with  a  molecule  of  acetylene  the  rearrange- 
ment indicated  below  may  be  assumed  to  occur.  The  reaction  may  be 
H  H  H 


:C: 

:C: 

:  C  :  Br  : 

•  • 

•  •           •• 

••           ••        •• 

:: 

:C: 

+ 

:Br:Br:    = 

.••C-:Br:Br:    = 

:-C-:Br: 

•  • 

••     •• 

..    .. 

•• 

H 

H 

H 

described  as  the  telescoping  of  one  of  the  bromine"  atoms  with  one  of  the 
extended  octets,  the  breaking  of  the  loose  bond  of  bromine  to  bromine, 
and  the  attachment  of  the  second  bromine  atom  to  the  other  carbon  octet, 
sharing  two  of  its  electrons.  By  a  repetition  of  this  process  another  mole- 
cule of  bromine  might  be  added.  The  condensation  of  molecules  in  which 
there  are  multiple  bonds  is  similar  to  the  first  stage  above.  As  illustrated 
in  the  next  section,  it  consists  simply  in  the  telescoping  of  two  extended 
octets,  the  regular  double  bond  arrangement  being  formed.  The  saturated 
carbon  octet  does  not  usually  show  this  property  of  telescoping  with  one  of 
the  extended  octets,  probably  because  the  former  is  always  protected  by 
surrounding  atoms. 

Structures  and  Properties  of  Typical  Substances 

Chain  Hydrocarbons. — ^The  simplest  hydrocarbon  which  should  exist 
according  to  the  present  theory  is  methylene.  It  is,  however,  a  high 
temperature  form,  and  the  failure  of  the  numerous  attempts  to  prepare  it  is 
evidence  that  it  is  too  reactive  to  ^  exist  at  ordinary  temperatures.  Its 
condensation  to  ethylene  offers  the  simplest  example  of  the  second  type  of 
reaction  of  the  preceding  section  and  for  this  reason  is  shown  below. 

Ethylene  and  acetylene  have  already  been  used  as  t3rpe  substances. 
It  remains  only  to  point  out  that  when  all  of  the  electrons  in  the  outer 
^^  As  evidenced  by  the  differing  temperatures  at  which  different  unstable  forms  go 
over  to  their  stable  isomers.  In  those  ssmtheses  where  only  a  single  form  is  produced, 
it  even  seems  that  the  rate  of  transformation  of  the  unstable  to  the  stable  form  is  high 
even  at  ordinary  temperatures. 

"  Symbol  letters  for  elements  after  the  first  period  represent  the  entire  atomic 
kernel. 
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H  H  H     H 

:C:    +    :C:    =    :•€•:  C: 

H  H  H     H 

shell  are  not  acting  directly  as  bonds,  the  attached  hydrogen  nuclei  (posi- 
tive electrons)  no  doubt  have  some  freedom  of  motion  from  one  position 
to  another.  This  is  illustrated  in  the  formulas  below,  which  are  also  used 
to  introduce  a  method  of  representation  which  will  prove  convenient  later. 

hJ^JhI    #<€>    H<§><t>H 

Fig.  2. — ^Formulas  of  ethane,  ethylene  and  acetylene. 

By  this  plan  the  projections  of  the  electron  cubes  are  indicated  by  squares. 
Figs.  2  and  3  show  ethane,  ethylene  and  acetylene,  with  possible  tautomeric 
forms  of  the  last  two.  In  some  of  these,  certain  of  the  hydrogen  nuclei 
are  assumed  to  be  held  jointly  by  4  electrons. 

A  substituted  ethylene  could,  by  the  present  theory,  exist  in  two  isomeric 
forms.    Thus  propylene  might  have  either  of  the  two  formulas  of  Fig.  4. 


H^..    /\M 


(o)  (b) 

Fig.  3. — ^Modified  formulas  of  ethylene  and  acetylene. 

But  the  physical  properties  of  such  isomers  could  hardly  diflfer  sensibly, 
and  no  chemical  method  could  distinguish  between  them.  However,  in  a 
chain  of  4  or  more  carbon  atoms  with  one  double  bond,  the  "position" 
of  the  latter  is  not  necessarily  imiquely  determined.  The  molecule  repre- 
sented in  Fig.  5  might  break  on  oxidation  at  either  side  of  the  extended 
carbon  atom,  and  the  second  of  the  two  added  halogen  atoms  might  in  the 

Fig.  4. — ^Formulas  of  propylene. 

same  way  go  to  either  of  the  adjacent  normal  octets.  In  general,  due  to  the 
dissymmetry  of  the  molecule,  reactions  will  be  "directed"  so  that  they  occur 
mainly  in  one  way.  Sometimes,  however,  these  directive  influences  will 
be  weak  and  the  molecule  will  not  react  exclusively  in  either  way.  This 
behavior  is  experimentally  fotmd  in  the  case  of  iso-dibutylene,  and  the 
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single  formula  of  Fig.  5  takes  the  place  of  two  of  the  ordinary  ones,  rep- 
resented in  tautomeric  equilibrium  below. 

yCH, 


(CH,),C— CH,- 


(CH,),.C- 


yCH, 


It  is  not  desired  to  imply  that  actual  shifting  of  a  double  bond  between 
tautomeric  or  isomeric  forms  will  never  be  found,  for  a  mechanism  involving 
little  disturbance  of  the  molecule  as  a  whole  is  possible  by  the  present 
theory.  This  may  consist  simply  in  the  passage  of  the  inner  electrons  from 
one  atom  to  another,  either  directly  or  by  replacement  of  the  2  bonding 
electrons,  allowing  the  latter  to  enter  the  inner  position  in  the  adjacent 
atom.  It  seems  that  such  shifts  might  readily  occur  in  either  way, 
particularly  at  high  temperatures  or  dtuing  reactions  with  other  molecules. 

A  conjugated  system  may  be  represented  by  2  extended  octets  at  the 
ends  of  a  4-carbon  atom  chain.    It  is  likely  also  that  the  end  atoms  are 


Fig.  5.— /w-dibutylene. 


Fig.  6. — Conju- 
gation. 


often  dose  together  and  joined  by  a  loose  "hydrogen  bond,*'"  as  in  the 
formula  of  Fig.  6.  When  addition  occurs  it  may  then  be  at  the  two  end 
carbon  atoms,  the  first  addition  product  being, 

H      H      H      H 


zBT: 


.C-:-C« 
H     tf 


:    C: 
:Br: 


Under  the  influence  of  the  attraction  of  the  bromine  atom  attached  to  the 
remaining  extended  octet  at  the  end  of  the  chain,  the  two  inner  electrons 
may  be  assumed  to  be  drawn  from  the  central  atom  to  this  one,  giving 

H      H      H      H 

:-C-:-C-:   C    :•€•: 

:Br:     H     H    :Br: 

The  next  addition  will  now  be  on  the  center  atoms. 

^*  Rodebush  and  Latimer,  Ref.  3,  and  Huggins  have  assumed  such  bonds.  The 
attraction  of  1  hydrogen  nucleus  by  4  electrons,  as  discussed  in  this  paper,  is  a  somewhat 
^milar  idea. 
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Benzene. — ^The  formation  of  benzene  from  acetylene,  which  is  sug- 
gestive in  connection  with  the  structure  of  the  former,  probably  consists 
in  the  telescoping  of  3  molecules  of  acetylene  to  form  a  ring.  Either  of  the 
structures  in  Fig.  7  might  result  from  such  a  reaction,  and  both  appear  to 
be  well  suited  to  represent  the  properties  of  the  substance.  Both  struc- 
tures are  very  symmetrical  .and  compact,  and  the  constraints  which  ap- 
parently would  be  present  should  make  the  molecule  unusually  rigid  and 
inert,  though  it  must  still  be  unstable  on  account  of  the  eictended  octets 
which  are  present.    Both  formulas  represent  the  carbon  atoms  as  being 


M#^ 


H^l 


H 


(» 


Fig.  7. — ^Benzene  formulas. 


in  a  single  plane,  and  the  two  ortho  positions  are  identical  with  each  other 
in  both.  The  structiure  in  Fig.  7(6)  presents  obvious  possibilities  of  re- 
duction to  hexamethylene,  and  of  condensed  ring  formation.  Neither 
reduction  nor  condensation  to  naphthalene  appears  to  be  as  directly 
possible  with  rings  of  the  first  t3rpe,  though  not  necessarily  excluded. 

The  three  extended  octets  are  still  the  more  reactive  points  of  the  above 
structures,  and  when  one  of  the  hydrogen  atoms  of  the  molecule  repre- 


W  (b)  (c) 

Fig.  8. — ^Rearrangements  in  chlorobenzene. 

sented  in  Fig.  7(6),  for  example,  is  substituted,  the  new  group  will  usually 
be  attached  to  one  of  them.  Following  the  attachment  a  subsequent  change 
may  or  may  not  occur  according  to  the  nature  of  the  substituent.  If 
the  latter  is  a  halogen  or  a  singly  bonded  group,  a  shift  of  electrons  similar 
to  those  assumed  in  the  discussion  of  conjugation  may  follow,  in  this  case 
extending  throughout  the  molecule.      As  represented  in  Fig.  8(a)  and  (6), 
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the  structure  first  formed  goes  over  to  one  in  which  the  reactive  octets  are 
orthO'para  to  the  new  group.  If,  however,  it  is  an  extended  octet  which 
originally  becomes  attached  to  an  extended  octet  of  the  ring,  then  appar- 
ently the  shift  of  electrons  does  not  occur.  The  remaining  two  reactive 
octets  will  then  be  in  the  meta  position  to  the  substituted  group,  and  the 
second  addition  will  be  on  one  of  them.  The  factors  determining  whether 
or  not  the  shift  postulated  above  will  occur,  are  perhaps  the  electro  positive 
or  negative  character  of  the  group  substituted  and  the  size  of  the  octet. 
The  groups  strongly  attracting  electrons  will  cause  the  shift,  if  at  the  same 
time  an  existing  distortion  of  the  electron  arrangement,  due  to  linkage  of 
octets  which  are  dissimilar  in  size,  is  relieved.  One  or  the  other  or  both  of 
these  factors  are  probably  operating  in  the  case  of  the  halogens,  hydroxyl, 
or  any  normal  carbon  octet.  With  such  groups  as  — CHO,  — COOH, 
— CN,  etc.,  the  connecting  octet  is  itself  extended  according  to  the  present 
idea,  and  of  approximately  the  same  size  as  the  reactive  octets  of  the  ring, 
so  a  S)anmetrical  and  tmstrained  connection  can  be  made  between  the 
two.  The  fact  that  the  groups  — SOaH  and  — CF3  direct  to  the  meta 
positions  may  possibly  be  regarded  as  evidence  of  the  importance  of  the 
size  effect,  since  in  each  of  these  cases  the  connecting  octets  are  probably 
considerably  larger  than  the  normal  carbon  octet,  though  neither  is  ex- 
tended in  the  sense  used  here. 

The  preceding  considerations  apply  equally  well  to  either  of  the  two 
proposed  formulas.  The  following  applies  chiefly  to  the  one  chosen  for 
illustration  in  Fig.  8.  If  the  latter  is  assumed,  substituted  atoms  or  groups 
must  be  attached  in  the  plane  of  the  ring,  and  probably  "cover"  rather 
completely  the  position  originally  occupied  by  the  displaced  hydrogen 
atom.  In  some  instances  it  would  seem  that  the  new  atom  might  become 
attached  to  two  points  of  the  ring,  by  a  telescoping  process  like  that  dis- 
cussed in  the  ordinary  reactions.  Fig.  8ic)  shows  such  an  attachment  of  a 
chlorine  atom.  Consequences  which  might  be  expected  to  follow  this 
linkage  are  the  increased  difficulty  of  removing  a  halogen  atom  from  the 
benzene  ring,  and  second,  after  three  extended  octets  had  been  converted 
by  this  process  to  ordinary  ones,  the  reactivity  of  the  molecule  with  regard 
to  substitution  should  be  largely  destroyed.  Both  of  these  conclusions 
may  possibly  be  of  service  in  interpretation  of  actual  phenomena. 

Oxides  of  Carbon. — In  assigning  a  structure  to  carbon  dioxide,  con- 
sideration of  its  properties  in  relation  to  those  of  substances  of  analogous 
composition  is  particularly  important.  The  formula  which  seems  most 
satisfactory  in  this  respect  is  shown  in  Fig.  9(a).  Bearing  in  mind  that 
elements  aitei  the  first  period  cannot  in  general  have  the  extended  group- 
ing, it  is  clear  that  a  similar  representation  is  possible  for  carbon  disulfide 
but  not  for  silicon  dioxide  or  silicon  disulfide,  a  distinction  which  is  sup- 
ported by  the  actual  character  of  the  substances.    This  experimental 
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distinction  militates  strongly  against  such  formulas  as  that  in  Fig.  9(6) 
for  carbon  dioxide,  for  if  this  type  of  bonding  is  possible  in  carbon  dioxide 
or  carbon  disulfide  it  is  difficult  to  see  why  it  should  not  be  in  silicon  di- 
oxide or  disulfide.  It  is  therefore  assumed  in  all  later  applications  that  1 
atom  seldom  shares  more  than  2  electrons  with  any  other  1  atom. 


oQo  0^000 


(a)  ib) 

Fig.  9. — Carbon  dioxide. 

The  treatment  of  ions,  or  other  substances  which  exist  only  in  polar  sol- 
vents or  polar  crystals,  constitutes  an  interesting  field  in  itself  which 
cannot  be  included  here.  The  possibilities  of  solvation  when  in  solution, 
and  of  complete  separation  of  all  the  atoms  of  the  solids  into  charged  units 
of  the  crystal  lattice,  may  make  definite  formulation  difficult  or  meaning- 
less in  such  cases.  To  show  that  some  of  the  provisional  requirements  may 
be  met,  however,  the  reaction  of  carbon  dioxide  with  oxide  ion  (and  a*few 
later  examples)  are  given.    The  formula  in  Fig.  10  for  carbonate  ion,  for 


Fig.  10.— Reaction  of  COi  with  oxide  ion. 

instance,  gives  a  "saturated"  structure  without  addition  of  further  oxide 
ion,  hence  orthocarbonate  ion  will  not  ordinarily  form.  The  uility  of  the 
carbon  dioxide  group  is  pr^^served  in  this  formula,  which  gives  it  advantages 
analogous  to  those  of  the  Berzelian  t3rpe  for  oxyigen  acids  and  salts.  The 
breaking  of  the  polar  bonds  of  the  ion  when  it  enters  a  crystal,  resulting 
in  the  formation  of  3  symmetrically  placed  oxide  ions  about  a  central 
charged  carbon  atom  would  satisfy  the  usual  ideas  of  crystal  structure,  and 

so  on. 

••    •• 

Carbon  monoxide  is  given  the  formula  (:  C  :  O )  .    Its  reaction  with  hy- 

••    •• 

drogen,  yielding  formaldehyde,  may  be  written 

:C:0:    +    H:H    =    :C  r-O-: 

•  •       ••  ••  XI  ** 

Other  characteristic  reactions  are  those  which  occiu-  under  suitable  stimuli 
with  hydrogen  chloride,  chlorine  and  ammonia.    Since  only  one  molecule  of 
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each  of  the  latter  substances  ordmarily  adds  to  the  carbon  monoxide 
molecule,  the  resulting  compound  in  each  instance  is  supposed  to  be  of 
the  type  indicated  in.  Fig.  11,  where  the  halogen  atom  has  telescoped  with 
both  of  the  extended  octets  of  the  carbon  monoxide. 

Groups  Containing  Carbon,  Hydrogen  and  Oxygen.— The  structure 
of  formaldehyde  has  just  been  indicated.    Its  own  reactions,  condensations, 


HhC° 


Fig.  11.— Reaction  of  CO  with  HCl. 

etc.,  are  quite  similar  in  type  to  those  already  discussed.  Its  higher  homo- 
logs  appear  to  require  little  comment,  other  than  to  point  out  the  possi- 
bility that  they  are  to  be  represented  by  formulas  like  one  of  those  for 
acetaldehyde  in  Fig.  12.     (Compare  with  acids  below.) 

Keto-enol  tautomerism  is  an  illustration  of  an  equilibrium  which  re- 
quires no  change  in  the  basic  structure  of  the  reacting  molecules,  ac- 
cording to  the  present  theory.    The  group  which  is  present  in  a  1:3- 


Fig.  12.— -Acetaldehyde. 

diketone,  for  example,  may  be  represented  as  in  the  first  formula  in  Fig.  13. 
Here  the  presence  of  the  extended  octets  on  each  side  of  the  central  CHj 
group  no  doubt  has  a  tendency  to  extend  its  carbon  atom  also,  rendering 
.  the  hydrogen  nuclei  rather  labile,  and  facilitating  the  exchange  pictured  in 
the  figure. 

The  carboxyl  group  is  itself  quite  polar,  and  the  properties  ordinsuily 
assigned  as  typical  are  those  which  it  shows  in  polar  solvents.  In  non- 
polar  media  and  as  vapors,  acids  usually  exist  as  double  molecules.  Since 
the  following  remarks  presuppose  the  carboxyl  structure  to  be  essentially 
unaffected  by  solvation  or  association,  they  are  tentative  in  character 
and  limited  to  a  few  only  of  the  numerous  suggestions  v^rhich  occur.  Formic 
add  is  represented  in  Fig.  14(a).  Here  the  2  hydrogen  nuclei  are  located 
at  opposite  sides  and  slightly  outside  of  the  enclosure  formed  by  the  other 
3  atoms.  With  the  loss  of  one  of  the  hydrogen  ions  the  remaining  one 
would  then  be  drawn  to  a  position  in  the  center  of  the  entire  molecule 
from  which  it  might  be  diflScult  to  withdraw  it,  explaining  the  monobasidty 
of  the  add.    When  some  radical  is  attached  to  the  carboxyl  carbon,  the 
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symmetry  of  the  molecule  is  lost  and  the  oxygen-oxygen  bond  is  often 
broken  by  the  attraction  of  the  radical  for  one  or  the  other  of  the  oxygen 
atoms.  The  various  possible  stages  of  separation  are  shown  in  Fig.  14(6). 
The  hydrogen  ion  is  thought  of  as  shifting  from  one  loose  point  of  attach- 
ment to  another,  being  only  a  little  more  firmly  held  by  the  extended  carbon 
octet  than  by  the  oxygen.  These  views  are  in  accord  with  the  idea  of 
Lewis  that  organic  acids  in  general,  exist  in  the  form  of  tautomers,  one  of 

which  is  highly  dissociated  and  one  of  which  is  very  weak. 

••  •• 

mtrogen. — Elementary  nitrogen  in  the  present  scheme  is(:N:N:). 

••  •• 

The  symmetry  of  this  arrangement  is  of  a  higher  type  than  in  any  other 

unsaturated  substance,  which  perhaps  accounts  in  part  for  its  low  ex- 


R    R<C 


Fig.  13.— Keto-enol  tautomerism. 

temal  field  and  small  reactivity  with  respect  to  polymerization  or  addition. 
The  formula  indicates  that  nitrogen  could  actually  lose  electrons  to  an- 
other element  only  with  the  greatest  diflSculty,  but  should  bfe  able  to  ac- 
quire them,  forming  nitride  ion.  In  the  latter  respect  it  is,  as  a  matter  of 
fact,  fairly  reactive.  The  molecule  should  withstand  high  temperatures 
with  little  dissociation  because  the  extended  form  is  thus  favored  and  be- 
cause complete  octets  cannot  be  formed  by  the  individual  atoms.  Nitro- 
gen and  carbon  monoxide  are  isosteric,  in  Langmuir's^*  terminology, 
with  each  other  and  with  cyanide  and  acetylide  ions. 

To  take  up  the  individual  types  of  the  compounds  of  nitrogen  would 
unduly  extend  this  discussion  and  add  little  new  in  principle.    Numerous 


(^)  (W 

Fig.  14. — ^Formic  and  acetic  adds. 

structures  which  seem  to  permit  satisfactory  interpretation  of  the  facts 

in  this  field  are  readily  devised. 

Oxygen. — ^The  ethylenic  character  of  oxygen  appears  from  the  formula 
••       •• 
(:  •  O  • :  O  :)  .     Less  symmetrical,  it  should  be  more  reactive  than  nitrogen- 


>*  Langmuir,  Tms  Journal.  41, 1543  (1919). 
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Also  its  dissociation  at  very  high  temperatures  should  be  more  complete 
than  in  the  case  of  nitrogen,  for  each  atom  may  have  an  octet  as  in  the 
equation 

fO»:b':   =   2:0: 

••    ••  •• 

In  low  temperature  oxidations,  particularly  of  the  very  electropositive 

••        •• 

metals,  the  formation  of  the  peroxide  group  or  ion,  :  •  O  - :  •  O  • : ,  seems 

••        •• 

a  natural  consequence  of  the  oxygen  structure. 

Boron  Compounds. — ^The  simplest  well  recognized  gaseous  hydrides 

of  boron  are  of  the  formulas  BsHs,  BHs  and  BsHs,-  structures  of  which  are 

shown  in  Fig.  15.    The  last  two  obviously  oflFer  difficulty  in  representation 

Fig.  16. — ^Hydrides  of  boron. 

by  the  ordinary  theory.  It  is  also  interesting  to  note  that  BjHe  substitutes 
rather  than  adds  halogen.  It  is  therefore  saturated  in  the  sense  that  ben- 
zene is,  i.  e.,  because  the  boron  atoms  are  almost  completely  protected 
by  the  outer  atoms. 

There  appear  to  be  no  volatilcoxides  of  boron.  Metaborate  ion,  B02~i 
may  be  given  a  structure  similar  to  that  assigned  to  carbon  dioxide. 
While  the  latter  does  not  show  as  much  ability  to  polymerize  as  might  be 
expected  from  its  formula,  BOs"  apparently  does,  resulting  in  such  ions 
as  BiO?",  and  with  a  reducing  agent,  BiOe".  An  interesting  analogy  is 
presented  in  the  cases  of  BO2"  Cd  and  NQi"*".  The  last  is  present, 
potentially  at  least,  in  NsOi.  The  tendency,  like  that  of  carbon  dioxide, 
to  add  oxide  ion  should  be  opposed  by  the  negative  charge  of  the  meta- 
borate and  assisted  by  the  positive  charge  of  the  nitro  group.  The  latter 
should  then  not  exist  in  the  presence  of  appreciable  quantities  of  oxide  or 
hydroxide  ion,  but  be  completely  changed  to  nitrate  ion,  and  the  former 
should  form  with  some  difficulty  the  orthoborate  ion,  as  is  the  case. 

Brief  mention  will  be  made  of  the  boron  halides.    Boron  trifluoride,  for 


example,  will  be  written  :-F«:B:-F«:.    From  this  formula  it  would  be  pre- 

•  *  f  *  • 

•• 

dieted  that  a  suitable  octet  might  telescope  with  the  extended  boron  atom. 
This  behavior  is  found  with  halide  ions  and  with  ammonia. 

Smnmary 
In  this  paper  the  suggestion  is  offered  that  multiple  bonding  involves 
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the  transfer  of  two  electrons  from  the  inner  to  the  outer  shell  in  one  or 
both  of  two  adjacent  atomic  kernels,  the  group  of  8  being  preserved  about 
each,  with  2  jointly  held  electrons  constituting  the  bond.  This  hypothesis 
is  sufficient  to  explain  the  restricted  region  of  the  periodic  system  in  which 
elements  characterized  by  multiple  bond  formation  occur.  To  meet 
requirements  imposed  by  the  facts  relating  to  stability,  reactivity  and 
free  rotation,  the  electrons  of  unsaturated  octets  are  assumed  to  be  held 
in  equihbritun  positions  at  greater  distances  from  the  nucleus  than^in  the 
ordinary  case,  the  transfer  from  the  extended  position  to  the  usual  ones 
liberating  energy.  No  attractive  force  between  electrons  is  assumed, 
and  the  electron  arrangement  is  taken  as  cubic,  (though  subject  to  dis- 
tortion). 

Upon  this  basis  a  mechanism  is  provided  for  addition  and  condensation 
reactions.  Interesting  viewpoints  are  a£Forded  in  the  study  of  conjugation, 
the  structure  and  substitution  reactions  of  benzene,  and  tautomeric 
shifts  of  double  bonds.  Formulas  are  illustrated  and  discussed  which  rep- 
resent (more  satisfactorily  in  several  cases  than  other  current  theories  do) 
many  of  the  properties  of  chain  hydrocarbons,  the  oxides  of  carbon,  the 
carbonyl  and  carboxyl  groups,  nitrogen,  oxygen,  and  the  hydrides  and 
oxygen  containing  ions  of  boron. 

BnMKJXUBv,  Cai^ifgrnia  

[Contribution  prom  the  Dbpartmbnt  op  Chhmistry,  UNivBRsmr  op  Arkansas] 
THE  SOLUBILITY  OF  POTASSIUM  PERMANGANATE  IN  SOLU- 
TIONS OF  POTASSIUM  SULFATE  AND  OF  SODIUM,  SULFATE 

By  H.  M.  Trimblb 
Received  June  27,  1921 

Raymond  B.  Stringfield,  in  discussing  the  sodium  manganate  process 
for  the  manufacture  of  potassium  permanganate/  points  out  certain 
solubility  effects  which  are  interesting  from  both  the  practical  and  the 
theoretical  standpoint.  In  the  course  of  ttie  process  potassium  permanga- 
nate is  separated  by  oystallization  from  a  mother  liquor  which  contains, 
in  addition  to  permanganate,  a  small  percentage  of  free  alkali  and  var3ring 
quantities  of  the  sulfates,  chlorides  and  carbonates  of  sodium  and  potas- 
sium. Stringfidd  says,  "Various  mixtures  of  chlorides,  carbonates  and 
sulfates  are  observed  to  repress  the  solubility  of  permanganate  greatly,  a 
mother  liquor  of  3.0%  being  common,  and  1.0%  not  uncommon,  against  a 
normal  solubility  of  potassium  permanganate  in  pure  water  of  6.0  to  7.0%." 
These  facts  suggested  an  investigation  of  the  solubility  of  potassium  per- 
manganate in  solutions  of  these  salts.  Sackur  and  Taegener^  have  de- 
termined the  solubility  in  solutions  of  potassium  carbonate,  potassium 
chloride  and  potassium  hydroxide  at  several  temperatures.    Their  residts 

»  Stringfidd,  Chem.  Met.  Eng.,  22, 1027  (1920). 

s  Sackur  and  Taegener,  Z,  Elektrochem.,  18, 723  (1912). 
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at  25**  are  given  in  Table  III  because  of  their  interest  in  this  connection. 
The  values  in  the  case  of  potassium  hydroxide  were  interpolated  from  their 
data.  This  paper  presents  data  on  the  solubility  of  potassium  permanga- 
nate in  solutions  of  potassium  sulfate  and  of  sodium  sulfate. 

All  determinations  of  solubility  were  made  at  25**.  The  thermometer 
used  was  a  standard  instrument.  Richards  and  Yngve  have  shown'  that 
a  thermometer  may  be  calibrated  within  a  certain  temperature  range  by 
determining  the  solubility  of  sodium  sulfate  decahydrate  at  the  temperature 
in  question,  as  read,  and  correcting  to  the  true  temperature  at  which 
that  solubility  is  found.  The  mean  of  two  closely  agreeing  determinations 
of  the  solubility  of  sodiiun  sulfate  decahydrate  at  25**  as  read  from  this 
thermometer  was  21.802%.  The  value  found  by  Richards  and  Yngve, 
calculated  to  the  same  basis,  is  21.750%.  The  error  is  +0.052%,  corre- 
sponding to  an  error  in  temperature  measurement  of  about  +0.04®.  The 
mean  of  two  very  careful  determinations  of  the  concentration  of  a  solution 
of  potassium  permanganate  saturated  at  25**  as  read  was  7.097%.  Inter- 
polation from  the  results  of  Baxter,  Boylston  and  Hubbard^  gives  the  solu- 
bility at  this  temperature  as  7.104%.  This  diflference,  -0.007%,  corre- 
sponds to  an  error  in  temperatiu"e  measurement  of  about  —0.03**.  From 
these  experiments  it  was  concluded  that  the  temperature  as  measured  was 
accurate  within  the  limits  of  experimental  error  in  the  determinations. 
The  thermostat  was  of  the  usual  electrically  heated  and  regulated  type. 
The  temperattu-e  varied  at  most  0.02**  from  the  desired  temperature;  but  in 
the  great  majority  of  runs  the  temperature  control  was  better  than  this. 

The  potassium  permanganate,  potassium  sulfate  and  sodium  sulfate  were  all  an 
imported  product,  "for  analjrsis,"  ptux:hased  before  the  war.  Tests  showed  that  the 
permanganate  was  free  from  chloride  sulfate  and  the  heavy  metals.  No  oxides  of 
manganese  could  be  detected  on  dissolving  and  diluting  with  conductivity  water. 
Analysis  of  the  sulfates  by  precipitating  and  weighing  as  barium  sulfate  gave  results 
which  agreed  with  the  theoretical  values  within  a  few  hundredths  of  1%.  Qualitative 
tests  showed  that  chlorides  and  the  heavy  metals  were  absent.  Flame  tests  showed 
that  other  alkali  metals  were  absent  in  the  sodium  sulfate.  There  was  a  very  slight 
trace  of  sodium  in  the  potassium  sulfate.  The  sodium  oxalate  used  in  standardizing 
permanganate  solutions  was  also  an  imported  product  prepared  espedaUy  for  that  pur- 
pose. The  other  chemicals  used  were  from  the  ordinary  laboratory  supply.  The 
hydrogen  peroxide  used  was  freed  from  a  small  quantity  of  sulfuric  add  which  was  pres- 
ent by  shaking  with  barium  carbonate  and  filtering.  Hydrochloric  add  was  redistilled 
to  free  it  from  a  small  amount  of  the  same  impurity.  Conductivity  water  was  prepared 
by  redistillation;  first  from  alkaline  permanganate,  then  from  dil.  sulfuric  add,  and  care 
was  taken  to  exdude  dust  and  fumes  from  the  laboratory.  It  was  preserved  In  thor- 
oughly steamed,  seasoned  bottles  until  used. 

The  method  of  the  investigation  followed  that  of  Baxter,  Boylston  and  Hubbard.^ 
Stock  solutions  of  the  sulfates,  saturated  at  room  temperature,  were  prepared;  and 
solutions  of  the  approximate  concentrations  desired  for  the  different  runs  were  prepared 


*  Richards  and  Yngve,  Tms  Journal,  40, 164  (1918). 
^  Baxter,  Boylston  and  Hubbard,  ibid.,  28»  1336  (1906). 
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when  wanted  by  diluting  these.  Two  large  test-tubes  were  prepared  for  each  determina- 
tion by  cleaning,  steaming  out  and  drying  in  an  oven.  A  cjuantity  of  potassium  per- 
manganate oystals  was  introduced  in  excess  of  that  necessary  for  saturation  of  the 
solution,  and  of  such  size  as  would  pass  a  6-mesh  screen ;  then  the  solution  which  had  been 
prepared  for  the  run  was  added,  and  finally  the  tubes  were  sealed  before  a  blast  lamp. 
When  it  was  desired  to  secure  saturation  with  reference  to  both  permanganate  and  sul- 
fate, an  excess  of  crystals  of  each  substance  was  introduced.  One  tube  from  each  set 
of  two  was  rotated  for  2  hours  or  longer  at  30^  or  above.  This  was  found  to  produce 
supersaturation  with  reference  to  25^  in  a  few  trial  nms  with  sodium  sulfate  and  potas- 
sium sulfate  solutions  of  different  concentrations.  After  this  supersaturation  the  tem- 
perature of  the  bath  was  reduced  to  25  ^  and  held  at  that  temperature.  The  second  tube 
of  each  set  was  then  fastened  on  the  rotating  device  and  both  were  rotated  for  6  to  8 
hours.  A  few  trials  showed  that  equilibrium  could  be  reached  in  4  hours,  starting  with 
potassitmi  sulfate  solution  in  contact  with  permanganate  crystals.  A  longer  time  was 
required  in  the  case  of  sodium  sulfate  solutions;  and  the  length  of  time  necessary  to  reach 
equilibrium  was  greater  the  higher  the  concentration  of  sodium  sulfate.  In  the  runs 
whose  results  are  given  below,  excellent  agreement  was  always  found  between  the  analy- 
sis of  the  solution  in  whidi  the  equilibrium  was  approached  from  supersaturation  and 
that  of  the  solution  in  which  it  was  approached  from  undersaturation.  After  the  tubes 
had  been  rotated  at  25^  for  6  to  8  hours,  they  were  fastened  upright  and  allowed  to 
remain  in  this  position  for  2  hours  to  permit  complete  settling.  After  breaking  off  the 
sealed  ends  of  the  tubes,  portions  for  analjrsis  were  removed  by  means  of  pipets  or  siphon 
tubes  and  weighed  in  small-mouth  conical  weighing  bottles.  In  somewhat  more  than 
half  the  runs  portions  were  also  transferred  to.  pycnometers  from  each  tube  and  the 
specific  gravity  was  determined  in  the  usual  way.  It  was  not  always  feasible  to  work 
with  such  large  volumes  of  solution  as  were  required  for  this. 

Sulfates  were  determined  by  reducing  potassium  permanganate  with 
sulfate-f ree  hydrogen  peroxide  in  the  presence  of  a  small  quantity  of  hydro- 
chloric add,  also  sulfate-free,  precipitating  as  barium  sulfate,  filtering  on 
Goocfa  crucibles  and  igniting  and  weighing  in  the  usual  manner.  Occlusion 
of  manganous  sulfate  or  even  of  sodium  or  potassium  sulfate  might  occur 
in  this  process.  The  volume  of  solution  at  the  time  of  precipitation  was 
always  large — about  600  to  700  cc.  Occlusion  shotdd  be  lessened  by  keep- 
ing the  volume  large.  A  few  trial  runs  in  which  diflferent  quantities  of 
manganous  salt  were  introduced  by  adding  potassium  permanganate  to 
sulfate  solutions  and  reducing  and  analyzing  as  above  gave  the  correct 
values  for  the  quantity  of  sulfate  known  to  be  present,  within  a  few  hun- 
dredths of  1%,  in  every  case.  About  20  precipitates  from  the  regular 
determinations  were  treated  to  extract  possible  occluded  manganous  salts 
by  fusing  with  sodium  peroxide,  adding  water,  acidifying  and  adding  sul- 
furous  add  to  reduce  any  oxide  of  manganese  which  might  be  present.  A 
few  other  predpitates  were  treated  by  boiling  with  nitric  add  or  aqua 
regia.  The  solutions  were  tested  for  the  presence  of  manganese  by  heating 
a  small  portion  with  lead  peroxide  in  nitric  or  sulfuric  add  solution.  In 
every  case  the  test  for  manganese  was  negative.  It  is  believed  that  error 
from  ocdusion  was  negligible. 

Potassium  permanganate  was  determined  by  adding  an  excess  of  stand- 
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ard  ferrous  sulfate  solution  in  the  presence  of  a  small  quantity  of  sulfiwic 
acid  and  titrating  back  with    standard  permanganate  solution.     The 
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Fig.  1.— Solubility  of  KMnOi  in  solutions  of  K1SO4  and  of  NaiSOi 

at  26*. 

ultimate  standard  in  this  work  was  sodium  oxalate  of  the  highest  purity. 
The  data  on  these  determinations  are  given  in  Tables  I  and  II.  They 
are  also  graphically  represented  in  the  curves  of  Fig.  1. 

Tablb  I 
Soi.uBii,iTy  OP  Potassium  Pbrmanganatb  in  Soi^utions  op  Potassium  Sui^patb  at  26" 

Ports  per  100       Specific 

Equivalents  per  liter       parts  solvent        gravity 

KtS04  KMn04  ViKtS04  KMn04  KMnO«  26V4' 


0.00  7.10  ...  0.469  7.64  1.0454 

0.80  6.59  0.096  0.437  7.06  1.0483 

1.98  5.92  0.239  0.395  6.29  1.0537^ 

5.47  4.52  0.674  0.307  4.73  1.0730 

7.79  3.87  0.972  0.266  4.02  1.0876 

9.26-  3.65  1.167  0.247  3.68  1.0979 

10.75  0.00  1.340  ...  1.0864 

*  Saturated  in  the  presence  of  KsSOi  and  KMnOi  crystals. 

*  Calculated. 

Tabl«  II 
SoLUBii«iTY  OF  Potassium  Permanganate  in  Soi^utions  op  Sodium  Sui«pate  at  26^ 

Parts  per  100  Specific 


NasSOi 

KMnOi 

Equivalents 
Na^4 

perUter 
KMn04 

% 

% 

0.00 

7.10 

. .  . 

0.469 

0.88 

7,33 

0.131 

0.490 

4.62 

7.83 

. . . 

7.05 

7.75 

1.107 

0.548 

9.34 

7.67 

. . . 

12.85 

7.27 

• .  . 

•  •  • 

17.05 

6.68 

. . . 

19.43 

6.25 

3.382 

0.489 

21.04- 

5.91 

21.80 

0.00 

3.705 

parts  solvent 
KMn04 

7.64 

7.91 
8.60 
8.40 
8.31 
7.84 
7.16 
6.67 
6.28 


gravity 
25V4* 

1.0454 
1.0654 


1.1180 


1.2363 


1.2071 
'  Saturated  in  the  presence  of  KMnOi  and  NaiSOi-lOHiO  crystals. 
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Tablb  in 

Solubility  of  Potassium  Pbrxanganata  in  Solutions  of  Potassium  Carbonat8» 
Chlorids  and  Hydroxidb'  at  25^ 


Bcpuvalents  electrolyte 
per  liter 

Equivalento  of  KMnOi  per  liter 
in  aolutims  of 
KsCOi                        Ka 

KOH 

0.1 

0.4376 

0.4315 

•  • . 

0.5 

, 

... 

0.306 

•  •• 

1.0 

0 

2589 

0.220 

0.228- 

2.0 

, 

... 

0.1432 

0.163- 

4.0 

0 

0d3 

. .  •  • 

0.102* 

6.0 

, 

.  .  • 

.... 

0.092- 

8.0 

... 

.... 

0.046* 

10.0 

. 

.... 

0.032* 

•  Interpolated. 

The  weights  and  the  volumetric  apparatus  used  throughout  all  the  work 
were  calibrated  and  the  necessary  corrections  were  applied. 

The  specific  gravities  of  sodium  sulfate,  potassium  sulfate  and  potassium 
pomanganate  solutions  of  various  concentrations  were  determined  at 
25**.  ITie  pycnometers  used  were  of  the  Geissler  type  of  25  and  50  cc. 
capacity.  Each  pycnometer  was  repeatedly  calibrated  by  detomining 
the  weight  of  conductivity  water,  recently  boiled,  which  was  hield  at  25**. 
Practically  every  solution  whose  specific  gravity  was  determined  was 
analyzed.    In  a  few  cases  solutions  were  prepared  by  diluting  weighed 
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2       4       6        8       10      12      14 
Percentage  of  solute. 
Fig.  2. —Specific  gravities  of  solutions  of  NafSOf.  KsS04  and  KMn04  at  25  V^  ^ 
The  order  of  curves  from  left  to  right  Is  NasSO«,  KaS04.  KMnOi  and  Na^4. 

quantities  of  solution  of  known  concentration  with  known  weights  of  water. 
The  data  are  given  in  Tables  IV,  V  and  VI  and  are  represented  graphically 
by  means  of  the  curves  of  Fig.  2.  All  specific  gravities  are  given  in  terms 
of  that  of  water  at  4**  taken  as  unity. 
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TarlB  IV 

SpaciFic  Gravitibs 

of  Sodium  Sulfatb  Solutions  at 

2574* 

Na.SO« 
% 

N 

Sp.  «r.                  % 

N 

Sp.«r. 

0.88 

0.126 

1.0079            10.61 

1.636 

1.0952 

1.77 

0.252 

1.0135            15.44 

2.484 

1.1425 

4.61 

0.668 

1.0393            18.09 

2.981 

1.1705 

7.28 

1.090 

1.0638           21.80 
TablbV 

3.705 

1.2071 

Spscipic  Gravitibs 

OF  Potassium  Sulfate  Solutions  At 

'2574' 

KiSOt 

% 

N 

Ki80« 
Sp.  «r.                  % 

N 

Sp.gr. 

0.76 

0.088 

1.0033             6.71 

0.810 

1.0520 

2.97 

0.348 

1.0212             8.97 

1.103 

1.0712 

4.44 

0.627 

1.0335            10.75 
Tabur  VI 

1.340 

1.0864 

Specific  Gravitibs  op  Potassium  Pbrmanganatb  Soi^utions  at  25®y 

KMn04 

% 

N 

KMnOi 
Sp.«r.                  % 

N 

Sp.fr. 

0.30 

0.019 

0.9992           6.72 

0.376 

1.0368 

1.77 

0.113 

1.0089            7.01 

0.464 

1.0451 

3.20 

0.206 

1.0186            7.10 

0.469 

1.0464 

4.05 

0.263 

1.0245 

... 

.... 

Nonnality  is  stated  in  the  above  tables  in  terms  of  Vt  NaiSOi,  Vt  K1SO4  and 
KMnOi,  respectively. 

W.  C.  Me.  Lewis*  points  out  that  the  specific  gravities  of  aqueous  solu- 
tions may  be  represented  fairly  closely  by  an  expression  of  the  form, 
S  =  Sq  +  ac  +  bc\  where  5  is  the  specific  gravity  of  the  solution,  5o  is  the 
specific  gravity  of  the  solvent  at  the  temperature  of  experiment,  c  is  the 
concentration  of  the  solute  in  any  convenient  units,  and  a  and  b  are  con- 
stants determined  by  experiment.  That  portion  of  the  above  expression, 
ac  +  bc\  which  gives  the  increase  in  specific  gravity  for  the  particular 
solution  and  concentration  over  the  specific  gravity  of  water,  may  be 
derived  from  the  specific-gravity  curve  for  the  solution  by  subtracting 
the  specific  gravity  of  water  from  the  specific  gravity  for  a  given  concen- 
tration as  read  from  the  curve.  If  the  law  holds  for  solutions  containing 
two  or  more  salts,  the  specific  gravities  of  such  solutions  should  be  given  by 

the  expression,  S=So4"  (ac  +  bc^)i  +  {ac  +  bc*)i+ ,  where  the  increases 

in  specific  gravity  are  given  for  each  of  the  salts  at  their  particular  con- 
centrations by  {ac  4"  bc*)u  (ac  +  6c*)a,  etc.  The  different  values  here  indi- 
cated were  found  and  summed  up  in  an  attempt  to  supply  the  missing 
values  for  the  specific  gravities  of  the  solutions  tabulated  in  Tables  I  and  II. 
The  method  gives  good  results  in  the  solutions  containing  potassium  sulfate 
and  potassium  permanganate,  as  will  be  seen  from  Table  VII. 

*  Lewis,  "A  Ssrstem  of  Physical  Chemistry,"  Longmans,  Green  and  Co.,  1920,  vcrf, 
L  p.  210. 
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Tabl«  VII 
Comparison  of  Calcui«atsd  and  Actuai«  VAi«ims  for  thb  Specific  Gravities  of 
SOI.UTIONS  Containing  Potassium  Sui^fats  and  Potassium  Psrmanganatq 


KsSO« 
% 

KMiiO« 
% 

Calc. 

Sp.gr, 

Pound 

0.80 

6.59 

1.0487 

1.0485 

i.gs 

5.92 

1.0637 

.... 

6.47 

4.52 

•        1.0728 

1.0730 

7.79 

3.87 

1.0873 

1.0876 

9.26 

3.55 

1.0972 

1.0979 

The  value  for  the  specific  gravity  of  the  solution  containing  1.98%  of 
potassium  sulfate  and  5.92%  of  potassium  permanganate  as  calculated 
was  inserted  in  Table  I.  The  attempt  to  calculate  the  specific  gravities 
of  solutions  containing  potassium  permanganate  and  sodium  sulfate  failed 
in  those  cases  where  specific  gravities  had  been  determined,  the  values 
turning  out  lower  than  those  found  by  experiment.  The  difference  be- 
tween calculated  and  actual  results  becomes  rapidly  greater  as  the  concen- 
tration of  the  solution  increases.  Since  metathesis  occurs  in  this  case, 
resulting  in  the  formation  of  new  substances  in  unknown  quantities,  this 
failure  was  to  be  expected. 

Finally,  three  determinations  of  the  solubility  of  potassium  permanga- 
nate in  solutions  containing  known  concentrations  of  sodium  sulfate 
and  potassium  sulfate  were  made  in  an  attempt  to  discover  the  specific 
effect  upon  the  solubility  of  potassium  permanganate  in  a  solution  of  either 
sulfate  produced  by  adding  the  other.  The  saturation  of  solutions  was 
carried  out  as  above,  even  a  longer  time  being  allowed  for  reaching 
equilibrium.  The  concentrations  of  potassium  sulfate  and  of  sodium  sul- 
fate in  the  original  solutions  being  known,  the  final  analysis  was  for  the 
determination  of  the  permanganate  content  only.  From  the  data  thus 
secured  the  concentrations  of  the  constituents  of  the  final  solutions 
were  calculated.  It  was  assumed  that  the  excess  permanganate  crystals 
did  not  appreciably  adsorb  the  sulfates  present.  The  data  are  given 
in  Table  VIII. 

The  values  of  the  first  line  under  ''Specific  Effects"  were  calculated  as 
follows.  If  we  take  as  solvent  the  solution  of  sodium  sulfate  which  contains 
the  relative  proportions  of  salt  and  water  given  in  Cols.  2  and  4  of  Line  1, 
under  "Constituents"  we  have  a  solution  containing  6.24%  of  sodium  sul- 
fate. Plotting  the  values  of  Table  II,  Col.  5,  against  the  corresponding 
concentrations  of  soditun  sulfate  in  percentages  of  the  solution  chosen  as 
solvent  and  reading  fr<mi  the  curve,  it  is  fotmd  that  a  solution  of  this  con- 
centration will  dissolve  8.48  parts  of  potassium  permanganate  per  hundred 
parts  of  solvent.  Calculating  again  from  Line  1  of  Table  VIII,  it  is  found 
that  when  5.00  parts  per  hundred  of  potassium  sulfate  are  added  to  the  sol- 
vent the  solubility  of  permanganate  is  reduced  to  5.33  parts  per  hundred,  a 
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decrease  of  3.15  parts  per  hundred.  The  other  values  were  calculated  in 
the  same  manner.  Within  the  limits  covered  by  these  experiments,  po- 
tassium sulfate  acts  powerfully  to  decrease  the  solubility  of  potassium 
permanganate  in  solutions  of  sodium  sulfate.  The  eflfect  of  sodium  sulfate 
in  increasing  the  solubility  in  solutions  of  potassium  sulfate  is  much 
smaller.  The  work  had  to  be  discontinued  at  this  point,  so  that  no  further 
determinations  in  this  series  could  be  'made. 

TABI.B  VIII 
Soi*UBii.iTY  OF  Potassium  Pbrmanganatb  in  Solutions  of  Potassium  and  Sodium 

Sulfates  at  25* 
Constituents  of  Solutions 

KiSO«  NoiSOi  KMttOi  HtO 

%  %  %  % 


4.63 

5.66 

4.83 

84.98 

5.73 

3.34 

4.40 

86.63 

6.77 

1.32 

4.03 

87.88 

Spscific  Effects  on  Solubility  of  Potassium  Perbcanganate  in  Parts  per  100 

Parts  of  the  Solution  Chosen  as  Solvent 

In  NatS04  Solution 

Normal  KtSO« 

^solubiUty  introduced  Solubmty 


Na«SO« 
% 

6.24 
.3.72 

1.48 


KtSO« 

% 

5.06 
6.21 
7.16 


introduced 

8.48  6.00 

8.38  6.38 

8.01  7.69 

In  KaSOi  Solution 

Normal  NaaSO« 

solttbility  introduced 

4.97  6.32 

4.66  3.62 

4.26  1.39 


6.33 
4.90 
4.62 


Solubility 

5.40 
4.77 
4.26 


Decrease 

3.16 
3.48 
3.49 


Increase 

0.43 
0.21 
0.01 


There  is,  as  yet,  no  theory  upon  the  basis  of  which  the  effect  of  one  very 
soluble  electrolyte  upon  the  solubility  of  another  of  the  same  nature  can  be 
quantitatively  predicted.  Harkins*  shows  that  in  the  case  of  a  uni- 
imivalent  salt  of  moderate  solubility  the  solubility  of  the  salt  is  reduced 
by  the  addition  of  an  electrolyte  which  gives  a  common  ion,  the  ciuires 
showing  a  regular  decrease  in  solubility  of  the  satiu*ating  salt  as  the  con- 
centration of  the  added  salt  increases.  All  the  curves  fall  in  a  limited  and 
well  defined  group.  Curves  for  salts  with  a  solubility  in  water  up  to  about 
one  equivalent  per  liter  fall  in  this  group,  ^  the  curves  falling  higher  and 
higher  in  the  group  as  the  solubility  in  ptu'e  water  increases.  The  case  of 
the  solubility  of  potassium  permanganate  in  any  solution  where  a  common 
ion  is  present  comes  under  this  rule,  since  its  solubility  in  pure  \i^:ater  at 
25**  is  0.469  equivalent  per  liter.    When  the  curve  for  the  solubility  of , 

•  Harkins,  This  Journal,  33, 1864  (1911). 
»  Ref.  6.  p.  1869. 
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potassium  permanganate  in  solutions  of  potassium  sulfate  is  plotted,  using 
the  same  units  which  Harkins  uses,  it  is  f  oimd  to  lie  in  the  upper  part  of  the 
characteristic  group.  The  curves  representing  the  solubility  of  this  salt  in 
solutions  of  potassium  carbonate,  potassium  chloride  and  potassium  hydrox- 
ide fall  quite  dose  to  that  representing  its  solubility  in  solutions  of  po- 
tassium sulfate.  All  these  solubility  curves  are  such  as  would  be  expected 
from  a  qualitative  application  of  the  solubility  product  principle. 

The  form  of  the  curve  for  the  solubility  of  potassium  permanganate  in 
solutions  of  sodium  sulfate  is  unusual.  In  general,'  the  eflfect  of  an  electro- 
lyte which  does  not  give  a  common  ion  is  to  increase  the  solubiUty  of  the 
saturating  salt,  as  a  result  of  metathesis,  whatever  the  concentration  of  the 
added  electrolyte.  Here  the  eflfect  in  increasing  the  solubility  rises  to  a 
TnaTtTwiTTi  at  about  6%  of  sodium  sulfate  as  the  concentration  of  this  salt 
increases.  At  higher  concentrations  of  sodium  sulfate,  however,  the 
effect  is  just  reversed.  A  like  eflfect  is  fotmd  in  some  other  cases.  The 
curves  for  the  solubiUty  of  calcium  sulfate  in  solutions  of  magnesium  chlo- 
ride, of  sodium  chloride  and  of  sodium  nitrate;  for  example,  pass  through 
such  a  maximum.  For  the  form  of  such  ciuves  there  seems  to  be  no  satis- 
factory   explanation. 

The  mother  liquors  from  which  potassium  permanganate  is  crystallized 
contain  very  large  percentages  of  sodium  salts,  but  only  small  per- 
centages of  potassium  salts  other  than  the  permanganate.  Sodium  car- 
bonate and  sodium  chloride  have  solubilities  in  water  of  the  same  order  of 
magnitude  as  that  of  sodium  sulfate.  Two  of  these  three  salts  will  prac- 
tically alwa3rs  be  present  in  the  mother  liquors ;  and  all  three  may  be  present. 
The  particular  salts  present  and  their  concentrations  will  depend  upon  the 
procedure  which  is  being  followed.  It  is  difficult  to  account  for  the  low 
concentrations  of  permanganate  in  the  mother  Uquors  which  Stringfidd 
reports,  unless  some  such  effect  as  that  which  has  been  found  here  in  con- 
nection with  concentrated  solutions  of  sodium  sulfate  is  responsible. 

Summary 

This  paper  reports  the  results  of  a  study  of  the  solubility  of  potassium 
permanganate  in  solutions  of  potassium  sulfate  and  of  sodium  sulfate  at 
25®,  and  gives  data  on  the  spedfic  gravities  of  solutions  of  sodium  sulfate, 
potassium  sulfate  and  potassium  permanganate  at  the  same  temperature. 
The  solubility  of  potassium  permanganate  in  solutions  of  potassium  sulfate 
decreases  with  increasing  concentration  of  sulfate.  In  solutions  of  sodium 
sulfate  the  solubility  of  this  salt  increases  with  increasing  concentration  to 
a  TtigTiTniitn  in  solutions  containing  about  6%  of  sodium  sulfate ;  then  there  is 
a  slow  decrease  in  solubility  to  a  TniniTmitn  in  solutions  which  contain  the 
mflYitniiTTi  quantity  of  the  salt  which  can  go  into  solution  in  the  presence  of 
potassium  permanganate  crystals.    For  the  lower  concentrations  of  each 
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sulfate,  potassium  sulfate  acts  powerfully  to  decrease  the  scdubility  of 
potassium  permanganate  in  solutions  of  sodium  sulfate,  while  sodium 
sulfate  increases  its  solubility  in  solutions  of  potassium  sulfate  to  a  mudi 
smaller  degree. 

Payettqvuxb,  Arkansas 

[Contribution  from  the  Dspartmbnt  of  Cbbmistry  of  the  University  of 

Colorado] 

ADSORPTION  OF  IODINE  BT  SILVER  IODIDE 

By  Prank  E.  E.  Germann  and  Ralph  N.  Traxlbr 

Received  July  25.  1921 

On  page  98  of  Bancroft's  "Applied  Colloid  Chemistry/'^  we  find  the 
following  statement: 

"Carey  Lea*  has  shown  that  silver  iodide  adsorbs  iodine  strongly.  This  property 
of  silver  iodide  was  verified  by  shaking  portions  of  freshly  precipitated  and  still  moist 
Agl  with  iodine  solutions.  An -alcoholic  solution  of  iodine,  diluted  until  it  has  a  pale 
sherry-wine  color  is  quickly  decolorized  by  Agl  and  the  same  thing  happens  with  a  very 
dilute  solution  of  iodine  in  KI  which  in  a  few  minutes  becomes  as  colorless  as  water. 
It  is  probably  this  adsorption  which  makes  silver  iodide  photographic  emulsions 
apparently  less  sensitive  than  the  silver  bromide  emulsions.  If  so,  it  should  not  be  diffi- 
cult to  overcome  this  trouble." 

Experiments  were  performed  to  determine  whether  adsorption  did  take 
place.  Acetone,  water-free  methyl  alcohol,  95%  ethyl  alcohol,  and  a  water 
solution  of  potassium  iodide  were  used  as  solvents  for  the  iodine,  which  was 
purified  several  times  by  grinding  with  potassium  iodide  and  then  sub- 
liming. Standardized  sodium  thiosulfate  solution  (1  cc.»:  0.0023  g.  of 
iodine)  was  used  for  titration.  Silver  iodide  was  made  by  precipitating 
from  solutions  of  potassium  iodide  and  silver  nitrate  of  strength  ranging 
from  M  to  0.1  M.  The  potassium  iodide  and  silver  nitrate  used  were 
purified  by  recrystallization.  All  experiments  were  performed  in  a  room 
with  no  actinic  light  present. 

In  the  first  series  of  experiments  the  precipitated  silver  iodide  made  from 
M  solutions  of  silver  nitrate  and  potassium  iodide  was  thoroughly  washed, 
dried  and  passed  through  a  100-mesh  screen,  in  order  to  have  fairly  uniform 
particles.  In  each  of  these  experiments  0.2  g.  of  dry,  powdu^  silver 
iodide  was  added  to  25  cc.  of  the  solvent  containing  0.05  g.  of  the  purified 
iodine.  The  container  was  stoppered  and  the  mixture  shaken  for  1  minute, 
5,  10,  15,  20  and  30  minutes.  Care  was  taken  not  to  increase  the  tempera- 
ture appreciably  while  shaking.  The  mixture  was  filtered  rapidly  by  suc- 
tion, and  the  filtrate  titrated  with  sodium  thiosulfate  solution  for  free 

^  Bancroft,  "Applied  Colloid  Chemistry,"  McGraw  Hill  Book  Co.«  1921. 
•ilm.  /.  Sci,»   [31  33»492  (1887);  See  also  Problem  54  of  Bancroft's  "Research 
Problems  in  Colloid  Chemistry."    Nat.  Research  Council  Reprint  No.  13, 1921. 
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iodine.  In  none  of  the  experiments  was  an  adsorption  of  iodine  noted, 
within  a  low  limit  of  experimental  error. 

Experiments  using  the  same  kind  and  quantities  of  material  were  made, 
and  the  mixture  was  boiled  for  15  minutes  to  1  hour  under  a  reflux  con- 
denser at  a  pressiu-e  of  62  cm.  of  mercury.  These  upon  being  filtered  and 
titrated  showed  no  decrease  in  iodine  content. 

Several  very  dilute  solutions  of  iodine  (about  0.01  g.  in  25  cc.  of  solvent) 
were  run  qualitatively  with  amounts  of  silver  iodide  larger  than  0.2  g. 
No  decolorization  of  the  iodine  was  noted.  Also,  several  determinations 
were  made  in  the  presence  of  actinic  light,  but  no  iodine  was  removed  by 
such  a  procedure. 

Silver  iodide  was  then  made  from  the  same  strength  of  solutions  and 
thoroughly  washed  with  distilled  water,  but  added  to  the  iodine  solutions 
without  being  dried.  This  conformed  with  the  former  experimenter's 
"freshly  precipitated  still  moist  silver  iodide."  Still  there  was  no  de- 
colorization of  the  iodine  solutions. 

Another  series  of  experiments  was  nm  using  silver  iodide  made  from 
approximately  0.1  M  solutions  of  potassium  iodide  and  silver  nitrate. 
A  very  sUght  excess  of  potassium  iodide  was  used  in  the  precipitation, 
which  caused  the  formation  of  a  fine,  almost  colloidal  silver  iodide.  This 
was  filtered  with  a  great  deal  of  diflSculty,  washed  thoroughly  with  water, 
very  dil.  ammonia  and  water  and  then  with  very  dil.  nitric  acid  followed 
by  distilled  water.*  The  freshly  precipitated,  moist,  thoroughly  washed 
silver  iodide  was  added  to  a  sherry-wine  red  solution  of  iodine  in  95% 
alcohol.    No  decolorization  of  the  solution  could  be  detected. 

Next  a  series  of  experiments  was  run  using  silver  iodide  precipitated  as 
above  except  that  a  very  slight  excess  of  silver  nitrate  was  used  instead  of  an 
excess  of  potassium  iodide.  The  excess  of  silver  nitrate  or  of  potassium 
iodide  in  either  case  was  not  over  1%.  The  silver  iodide  precipitated  by 
this  method  settled  more  readily  than  that  made  with  a  slight  excess  of 
potassitun  iodide  and  was  more  easily  filtered.  The  precipitate  was  washed 
by  decantation  with  water,  ammonia  and  nitric  add  followed  by  water, 
then  filtered  by  suction.  Various  amotmts  were  added  to  a  sherry-wine 
red  solution  of  iodine  in  ethyl  alcohol  with  very  slight  decolorization. 

In  seardiing  for  a  reason  for  the  complete  decolorization  of  the  solutions 
of  the  former  experimenter  it  was  noted  that  no  mention  was  made  in  his 
wcn'k  of  any  washing  of  the  silver  iodide.  More  silver  iodide  was  made 
from  M  solutions  of  potassitun  iodide  and  silver  nitrate  using  a  10% 
excess  of  silver  nitrate,  but  was  filtered  upon  a  Btidmer  filter  without  any 
washing,  thus  leaving  any  adsorbed  or  occluded  silver  nitrate  in  the 
precipitate.  When  approximately  1.0  g.  (calculated  dry)  of  this  moist, 
unwashed  silver  iodide  was  added  to  25  cc.  of  solvent  containing  0.05 

*  Lottermosser  and  Rothe,  Z.  physik,  Chem.,  62f  363  (1908). 
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g.  of  iodine,-  shaken  for  30  seconds  and  filtered,  0.02  g.  of  the  iodine  dis- 
appeared. Approximately  3.0  g.  of  this  silver  iodide  in  a  similiar  solution 
removed  all  the  free  iodine,  leaving  a  water-white  solution. 

Silver  iodide  was  also  made  by  precipitating  from  dil-  solutions  of 
potassiimi  iodide  and  silver  nitrate  (approximately  0.1  M)  using  a  10% 
excess  of  silver  nitrate.  The  precipitate  was  filtered  upon  a  Biidmer 
filter  without  washing  and  it  was  found  that  about  1  g.  of  the  moist 
silver  iodide  decolorized  a  sherry-wine  red  solution  of  iodine  in  ethyl 
alcohol.  The  precipitate  was  washed  with  250%  of  its  own  weight  of 
water  by  suction  on  the  Biichner  filter  and  still  it  was  found  that  1.5  g. 
of  it  would  decolorize  a  sherry-red  solution  of  iodine.  After  washing  with 
500%  of  water  in  the  same  way,  2  g.  of  the  silver  iodide  was  required  to 
effect  complete  decolorization. 

The  same  experiments  using  unwashed  silver  iodide  precipitated  both 
from  cone,  and  dil.  solutions  of  potassium  iodide  and  silver  nitrate  and 
using  10%  excess  of  silver  nitrate  were  tried  upon  a  sherry-red  solution  of 
iodine  in  potassium  iodide-water  solution.  About  3.5  g.  of  silver  iodide 
precipitated  from  the  concentrated  solutions  was  required  to  effect  com- 
plete decolorization  of  such  a  solution  of  iodine.  Silver  iodide  precipitated 
from  more  dilute  solutions  decolorized  the  iodine  solutions  more  easily, 
due  to  the  greater  amount  of  silver  nitrate  adsorbed  by  the  finer  precipitate 
and  the  greater  quantity  of  solution  held  by  the  greater  porosity.  The 
same  experiments  on  washing  the  precipitate  upon  the  filter  were  tried  in 
this  case  and  a  gradual  decline  of  the  decolorizing  power  of  the  silver 
iodide  noted  with  increased  amount  of  washing. 

Prom  the  results  of  these  experiments  using  unwashed  silver  iodide  it 
was  concluded  that  the  silver  iodide  of  the  former  experimenter  must  not 
have  been  washed  free  from  the  silver  nitrate.  Such  a  conclusion  led  to 
the  belief  that  a  chemical  reaction  and  not  adsorption  caused  the  complete 
decolorization  of  Carey  Lea's  solutions. 

When  the  silver  iodide  was  imwashed  there  was  undoubtedly  silver 
nitrate  occluded  in  the  flocculent  precipitate.  Also  there  was  silver  nitrate 
adsorbed  by  the  silver  iodide,  which  could  not  be  removed  without  con- 
siderable washing.  The  silver  nitrate  from  both  of  these  sources  when 
added  to  the  iodine  solutions  in  alcohol  and  to  the  iodine  in  potassium  iodide 
reacted  with  them  destroying  the  color  of  free  iodine.  The  reaction  be- 
tween silver  nitrate  and  iodine  is  set  forth  by  V.  E.  Pavlov  and  S.  D. 
Shein*  as  follows. 

6AgN0,  +  3Ii  +  3H,0  =  5AgI  +  5HNO,  +  HIOi. 
This  reaction  occurs  when  there  is  an  excess  of  iodine  present. 

We  must  remember  that  there  is  nothing  quantitative  in  Carey  Lea's  pub- 

«  Pavlov  and  Shein,  /.  Russ.  Phys.  Chem.  Soc,  39,  943-7  (1907);  C.  A.,  2,  772 
(1908). 
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lication  on  this  subject,  so  that  we  have  no  way  of  checking  him  absolutely. 

Some  substances  such  as  wood-  and  blood-charcoal  adsorb  great  quan- 
tities of  material  from  solutions,  and  by  their  use  we  are  able  to  remove 
practically  all  coloring  matter  from  impure  sugar  solutions.  This,  however, 
is  rather  the  exception  than  the  rule.  For  example,  Lottermosser  and 
Rothe,*  studying  the  adsorption  of  sflver  nitrate  and  potassium  iodide 
by  silver  iodide  used  from  0.23  to  0.93  g.  of  silver  iodide  in  25  cc.  of  potas- 
sium iodide  solutions,  obtaining  values  of  the  adsorption  of  the  order  of 
0.009  millimol  per  gram  of  adsorbent.  The  solution  in  equilibrium  still 
contained  0.075  millimol  in  the  25  cc.  In  the  case  of  the  adsorption 
of  silver  nitrate,  the  maximum  adsorption  noted  was  0.005  miUimol  per 
gram  when  there  still  remained  0.350  millimol  in  the  25  cc.  The  greatest 
percentage  change  in  composition  takes  place  in  the  case  of  the  most  dilute 
solutions,  being  in  Lottermosser  and  Rothe's  case  56%  as  a  maximum. 
The  same  general  results  have  been  obtained  by  one  of  us*  in  the  case 
of  the  adsorption  of  radium  by  barium  sulfate. 

A  sherry-vrine  colored  iodine  solution  contains  approximately  2  g.  of  iodine 
per  liter  or  about  0.008  millimol  per  cc.  Had  Carey  Lea  used  1  g.  of  silver 
iodide  in  25  cc.  of  solution  and  obtained  complete  decolorization  he  would 
have  had  0.2  millimol  per  gram  adsorbed.  This  value  not  only  seems  very 
large,  but  also  very  improbable,  since  complete  adsorption  would  certainly 
require  a  great  mass  of  silver  iodide. 

It  should  also  be  noted  that  any  adsorbed  material  is  efficiently  removed 
only  by  washing  by  decantation,  as  was  done  by  us  in  order  to  remove  the 
silver  nitrate  from  the  silver  iodide.  As  has  been  shown,  washing  on  a 
Btichner  fimnel  removes  adsorbed  substances  only  very  slowly. 

Since  Lea  used  a  colorimetric  method  and  hence  coidd  make  no  error  on 
the  resulting  iodine  content,  we  must  conclude  that  the  resulting  solution 
was  as  "colorless  as  water."  It  thus  woidd  seem  that  some  chemical  reac- 
tion rather  than  adsorption  should  be  taken  as  the  explanation  of  the  de- 
colorization. 

In  view  of  the  possible  experimental  error  in  the  procedures  used,  it  may 
be  stated  that  there  is  no  adsorption  of  iodine  in  solutions  of  acetone,  water- 
free  metljyl  alcohol,  95%  ethyl  alcohol,  and  a  water  solution  of  potassium 
iodide,  by  silver  iodide  above  a  maximmn  limit  of  0.02  nullimol  per  gram  of 
silver  iodide.  Carey  Lea  claimed  to  have  obtained  a  rapid  and  complete 
decolorization  of  sherry-wine  colored  solutions  of  iodine.  The  present 
experiments  show  conclusively  that  not  sufficient  adsorption  takes  place  to 
cause  a  change  in  color  of  any  such  magnitude.  If  there  is  an  adsorption  it 
must  be  below  the  limit  above  stated. 

*  Lottermosser  and  Rothe,  Ref.  3,  p.  359. 

•  Germann,  "Adsorption  of  Radium  by  Barium  Sulfate,"  This  Journai,,  43,  1615 
(1921). 
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Summary 

1.  Carey  Lea's  experiments  indicated  that  iodine  was  strongly  adsorbed 
from  solution  by  silver  iodide. 

2.  Dry,  thoroughly  washed  silver  iodide  precipitated  from  M  solu- 
tions of  silver  nitrate  and  potassium  iodide  was  added  to  alcoholic  and 
potassium  iodide  water  solutions  of  iodine  with  no  decolorization.  Vary- 
ing lengths  of  time  of  agitation  and  various  conditions  were  tried  with  no 
appreciable  adsorption. 

3.  Likewise,  moist  silver  iodide  precipitated  from  M  and  from  0.1  M 
solutions  and  washed  with  ammonium  hydroxide  and  nitric  add  by  de- 
cantation  was  added  to  similar  solutions  with  negative  results. 

4.  Decolorization  was  obtained  with  unwashed  silver  iodide  precipitated 
both  from  M  and  from  0.1  M  solutions,  using  an  excess  of  silver  nitrate. 
The  decolorization  was  due  to  a  chemical  reaction  between  the  iodine  in 
solution  and  the  silver  nitrate  occluded  in  the  silver  iodide  and  adsorbed 
upon  its  surface. 

5.  Unwashed  silver  iodide  precipitated  from  dilute  solutions  of  silver 
nitrate  and  potassium  iodide  decolorized  the  iodine  solutions  most  easily, 
due  to  the  greater  adsorption  of  silver  nitrate  by  the  silver  iodide  and  the 
larger  quantity  of  solution  held  because  of  the  increased  porosity. 

6.  A  sherry-wine  red  solution  of  iodine  contains  about  0.008  millimol 
per  cc.  From  the  above  experimental  work  it  may  be  concluded  ttat 
there  is  no  adsorption  of  iodine  from  solution  by  silver  iodide  above  a  max- 
imum limit  of  0.02  millimol  per  gram  of  silver  iodide.  Hence,  if  Carey 
Lea  worked  with  25  cc.  of  sherry-wine  colored  iodine  solution  containing 
0.2  millimol  he  must  have  added  well  over  10  g.  of  silver  iodide  to  obtain 
anywhere  near  complete  decolorization. 

7.  The  above  results  point  to  the  probability  that  Carey  Lea  was 
dealing  with  a  chemical  rather  than  an  adsorption  phenomenon. 

bouldsr,  c0w>rad0  

[Contribution  No.  4  prom  the  Research  Laboratory  of  the  National  Biscuit 
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FURTHER   STUDIES    OF   THE   PHYSICAL   CHARACTERISTICS 
OF  GELATIN  SOLUTIONS 

By  Ci^arke  B.  Davis  and  Eari^e  T.  Oakes 
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In  a  previous  article*  an  investigation  of  the  viscosity  of  solutions  of 
various  gelatins  at  25®  was  reported. 

The  present  paper  covers  an  investigation  of  the  following  properties 
of  gelatin  solutions:  (1)  density^temperature  0-60®;  (2)  density^ 
concentration  at  40®;  (3)  transition  point  of  gel-to-sol;  (4)  viscosity^ 
1  Davis,  Oakes  and  Brown,  Tms  Journai,,  43,  1526  (1921). 
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concentration  at  40**;  (5)  viscosity  ^temperature;  (6)  viscosity'^ 
hydrogen-ion  concentration  at  40°. 

The  methods  of  determining  densities,  viscosities,  and  hydrogen-ion 
concentrations  were  the  same  as  described  in  the  previous  article  except 
that  in  this  work  all  values  for  hydrogen-ion  concentration  were  determined 
both  by  indicators  and  by  the  hydrogen  electrode.  This  was  done  because 
in  certain  ranges  of  hydrogen-ion  concentration,  notably  around  Pu 
4  to  Ph  5  and  above  P^  9,  the  indicators  are  unreliable.  Both  methods 
were  used  because  it  was  desired  to  determine  the  accuracy  of  the  indi- 
cators. Outside  the  ranges  above  noted  we  found  little  difficulty  in  check- 
ing the  hydrogen  electrode  within  Ph^O.I®.  Variations  of  as  much  as 
^0.3  or  =*=0.4  in  the  value  Ph  may  be  experienced  with  gelatin  solu- 
tions at  Ph  4  to  Ph  6  and  above  Ph  9.  Solutions  were  made  up  ac- 
cording to  weight  per  cent,  concentration,  and  only  hydrochloric  add 
and  sodium  hydroxide  were  used  to  alter  the  values  of  hydrogen-ion  con- 
centration. 

Throughout  the  entke  coiu-se  of  this  work  one  sample  of  hide  gelatin 
was  used.  This  gelatin  will  be  known  as  3B  and  is  of  as  high  a  grade  as 
we  have  been  able  to  find.    The  following  table  shows  its  characteristics. 


Tablb  I 
Propbrtibs  op  Gm^TlN  3B 

Moisture 

% 

Absolute  viscosttv 
JeU  strength  at  21  <>    in  c.  p.  of  1  %  sol." 
Ash      Original  >„- 4. 9         P„3.5at25'» 

Age              Viscosity 
%                                        Hr.  min. 

9.03 

0.51            1025            1    20            3.08 

1    30            3.15 

2      0            3 .37 

4     15            4.46 

4.9 


It  will  be  noted  that  while  Loeb^  uses  so  called  iso-electric  gelatin  which 
is  practically  ash  free,  the  gelatin  employed  by  the  present  authors  con- 
tains about  0.5%  of  ash.  Owing  to  the  fact  that  in  washing  out  the 
salts  the  more  soluble  (more  hydrolyzed)  portions  of  the  gelatin  are  also 
washed  away  and  the  composition  of  the  gelatin  changed,  and  since  the 
effects  of  various  salts  have  been  investigated  by  Loeb  and  found  to  be 
small  in  comparison  with  the  quantities  here  determined  we  considered 
it  best  to  use  the  gelatin  as  indicated. 

Variation  of  Density  with  Temperature 

One  per  cent,  solutions  of  3B  gelatin  at  Ph  8.0  were  investigated  over  a 
range  of  from  0°  to  60**.    As  stated  in  a  previous  contribution^  the  density 
of  gelatin  solutions  is  affected. but  little  by  changes  in  hydrogen-ion  con- 
centration and  the  character  of  the  gelatin  has  practically  no  effect  upon 
« Loeb,  /.  Gen.  Physiol.,  1918-21. 
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the  density.  In  Fig.  1  the  density  results  have  been  plotted  along  with  the 
densities  of  pure  water  over  the  same  range.  From  this  figure  it  is  seen 
that  the  density  changes  of  1%  gelatin  solutions  parallel  those  of  piu^ 
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Fig.  1. — ^Variation  of  density  with  temperature,  1  =  water, 

2  - 1  %  solutions  of  3B  gelatin,  Ph =8.0. 

• 

water  over  the  range  Q-60**,  and  may  be  represented  by  the  formula 
Dg  =  D^  +  0.00290  where  D^  is  the  density  of  1%  gelatin  solution  and 
D^  is  the  density  of  pure  water  at  the  same  temperature. 

Variation  of  Density  with  Concentration  at  40"^ 
The  densities  of  1,  5  and  10%  concentrations  of  3B  gelatin  at  Ph  8.0 
were  determined  at  40''  and  were  found  to  be  0.9954,  1.0067,  and  1.0210, 
respectively. 

These  results,  plotted  in  Fig.  2,  show  that  the  density  is  a  straight  line 
function  of  the  concentration  and  may  be  represented  according  to  the 
formula,  Z?g  =  D^  +  AT  X  0.00290,  where  Dg  is  the  density  of  gelatin 
solution,  D^  the  density  of  water  and  X  the  percentage  of  gelatin.  Since 
the  constant  at  40**  is  the  same  as  at  all  other  temperatures  between  0® 
and  60**  this  is  a  perfectly  general  formula  for  the  density  of  gelatin  so- 
lutions at  any  temperature  between  0**  and  60**.  Concentrations  of  this 
gelatin  greater  than  10%  could  not  be  used  at  40**,  and  at  25**,  1%  solu- 
tions jeUied  in  3  hours. 

Transition  Point  of  Gelatin 
The  fact  that  gelatin  solutions  increase  in  viscosity  with  aging  of  solu* 
tion  at  35**  while  at  40^  the  viscosity  is  constant  indicated  a  method  of 


Digitized  by  VjOOQ IC 


PHYSICAI<  CHARACTJ3RISTICS  OP  GBI#ATIN  SOLUTIONS 


467 


locating  the  transition  point  rather  accutately.  C.  R.  Smith,*  in  an  arti- 
cle "The  Mutarotation  of  Gelatin  and  its  Significance  in  Gelation"  has 
pointed  out  the  probability  of  the  existence  of  two  forms  of  gelatin.  Smith 
was  led  to  his  belief  by  polariscopic  investigations  while  our  viscosity 
determinations  led  us  to  the  same  conclusions.  Smith  did  not  attempt 
to  locate  definitely  this  tran- 
sition point:  Sol  form  A  ^ 
Gel  form  B,  but  placed  it 
somewhere  between  33^  and 
35^  In  order  to  study  the 
behavior  of  the  two  forms  at 
35  ^  two  1%  solutions  of  3B 
Gelatin  of  Ph  4.9  and  7.8, 
respectively  were  prepared 
and  each  was  divided  into 
two  parts,  "A"  and  "B."  A 
samples  were  placed  imme- 
diately in  the  thermostat 
at  35**,  while  the  B  samples 
were  placed  in  the  ice-chest 
for  1  hour  and  then  re- 
moved and  placed  in  the 
thermostat  along  with  the 
A  samples.  Both  samples 
of  B  had  formed  a  solid  jelly 
when  they  were  removed 
from  the  ice-chest.  The 
viscosity  results  obtained 
on  these  4  samples  are  plot- 
ted in  Fig.  3.     The  viscosi-  ^*^'  2— Variation  of  density  with  concentration;  solu 

.ties  of  both  solutions  at  Ph 
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tions  of  3B  gelatin  at  40^  Pa  =  8.0. 


4.9  remained  constant,  Sample  B  giving  a  higher  viscosity  than  A  due  to 
the  portion  of  gelatin  which  had  gone  over  into  the  gel  form.  Since 
the  viscosity  at  Ph  4.9  changes  rather  slowly  with  age  it  was  ex- 
pected that  near  the  transition  point  the  change  might  be  too  slow 
to  manifest  itself  in  a  short  time.  The  fact  that  Sample  B  did  not 
change  in  viscosity  shows  that  while  the  gradient  is  not  great  enough 
to  cause  gel  to  form  in  A,  neither  is  it  great  enough  to  cause  more 
to  form  in  B,  or  if  35 **  is  above  the  transition  point  to  destroy  the  gel  already 
formed.  In  other  words  the  change  at  this  hydrogen-ion  concentration 
is  too  slow  to  measiu-e.  Of  the  two  samples  at  Ph  7.8,  B  kept  increasing 
in  viscosity,  showing  that  in  the  hour  during  which  it  was  in  the  ice-chest 
*  Smith,  This  Journai.,  41,  135  (1919). 


Digitized  by  LjOOQ IC 


468 


CLARKE  B.  DAVIS  AND  BARLB  T.  OAKES 


not  all  of  it  had  reverted  to  the  gd  form  and  this  change  continued  to  take 
place  at  35  ®.  The  transition  point  must  then  be  above  35  **.  The  A  sample 
of  this  set  behaved  exactly  like  a  solution  in  a  state  of  suspended  transfor- 
mation in  that  the  viscosity  remained  constant  for  nearly  4  hours  and  then 
increased  at  about  the  same  rate  as  did  that  of  the  B  sample.  It  is  evi- 
dent from  this,  then,  that  the  transition  point  is  above  35^  and  that  alkali 
catalyzes  the  transition.  Since  it  was  found  that  at  40°  the  solutions 
did  not  increase  in  viscosity  this  work  was  repeated  at  40®  in  exactly 
the  same  way  except  that  2  samples  of  B  were  investigated.    Sample 


3  4  5 

Age  in  Hours 

Fig.  3. — ^Variation  of  viscosity  with  age;  1%  solutions  of  3B  gelatin, 
Ph  4.9  and  7.8  at  36**  and  40*». 

Bi  was  left  in  the  ice-chest  for  1  hour  and  Bt  was  left  2  hotu^.  Both 
Bi  and  Bj  were  solid  jellies  when  removed  from  the  ice-chest.  The  re- 
sults plotted  in  Fig.  3  show  that  while  the  viscosity  of  Sample  A  remained 
constant,  those  of  Bi  and  Bs  decreased  continually  and  tmiformly  until  the 
viscosity  was  the  same  as  that  of  the  A  sample.  This  then  definitely  estab-  • 
lishes  the  transition  point  as  between  the  limits  of  35°  and  40°.  It  is  also 
interesting  to  note  that  it  requires  only  a  small  amount  of  the  gel  form 
B  to  transform  the  solution  into  a  solid  jelly. 

In  order  to  locate  the  transition  point  definitely  a  4%  solution  of  3B 
gelatin  was  made  up  to  Ph  8.0.  This  increased  concentration  was  chosen 
in  order  to  bring  out  smaller  changes  than  a  1%  solution  would  show. 
This  sample  was  divided  into  3  parts.  Bi  and  Bj  were  put  in  the  ice- 
chest  for  1  and  2  hours  respectively,  when  they  were  removed  and  placed 
in  the  thermostat  at  the  temperature  indicated  in  Table  II.  The  viscosity 
is  given  in  seconds  rather  than  in  absolute  units  since  it  is  only  the  point 
at  which  the  viscosity  just  ceases  to  change  with  age  that  we  are  trying  to 
locate.    A  was  not  cooled  below  38°. 
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Tabids  II 
Viscosity  op  4%  Solutions  op  3B  Gblatin,  Ph  8.0,  at  Tbmpsraturbs  nbar  thb 

Transition  Point 


Temp. 

Time 

Elapsed  time 

between  nini 

Min. 

VisccMitv 
in  seoondj 

Solution  A 

38.0 

11:26 

312. 8« 

38.0 

11:45 

20 

313.8* 

38.0 

12:05 

20 

316.0- 

Solution  Bi 

• 

38.0 

11:18 

., 

344.7* 

38.0 

11:33 

15 

346.9* 

38.0 

11:62 

19 

348.0* 

38.2 

2:20 

148 

342.1* 

38.2 

2:30 

10 

341.8* 

38.2 

3:26 

66 

337.6* 

38.2 

3  :36 

10 

337.2* 

Solution  Bs 

88.1 

3:66 

, , 

410. 7- 

38.1 

4:07 

11 

408.4- 

38.1 

4:18 

11 

407.7- 

Time  for  water  for  No.  2  viscometer  (a)  at  38**  «=  59 .2  sec. 
Time  for  water  for  No.  4  viscometer  (b)  at  38*  «  69.8  sec. 

It  is  obvious  from  Table  II  that  the  transition  point  of  gelatin,  Sol 
form  A  ;;:±  Gel  form  B,  lies  between  38®  and  38. 1°.  A  close  inspection 
of  the  results  shows  that  the  transition  point  is  nearer  38.0**  than  38. 1°. 
By  interpolation  the  value  38.03**  is  obtained.  It  is  interesting  to  note 
that  4%  solutions  do  not  exhibit  the  lag  in  the  transformation  noted  in 
the  case  of  1%  solutions.  Smith'  has  also  pointed  out  that  the  more  con- 
centrated solutions  come  to  equilibrium  more  quickly  than  the  more  di- 
lute solutions.  It  shcmld  also  be  noted  that  the  more  of  the  gel  form  pres- 
ent the  more  rapid  the  increase  in  viscosity  below  the  transition  point  and 
the  more  rapid  the  decrease  above  this  temperature. 

Another  factor  liable  to  affect  the  determination  of  the  transition  point 
is  hydrolysis  with  its  consequent  lowering  of  viscosity.  At  certain  hy- 
drogen-ion concentrations,  namely,  in  very  acid  or  very  alkaline  solutions, 
even  at  ordinary  temperatures  this  factor  is  quite  evident. 

With  decreasing  acidity  or  alkalinity  the  temperature  must  be  raised 
to  induce  hydrolysis.  The  question  of  hydroljrsis  is  entirely  separate 
from  the  one  of  transition  point  and  is  mentioned  only  because  it  is  so 
often  confused  with  the  latter.  If,  at  a  given  temperature  and  in  the  ab- 
sence of  the  gel  form,  a  decrease  in  viscosity  with  age  is  noted  we  are  evi- 
dently dealing  with  hydrolysis.  It  is  evident  from  the  results  described 
at  40^  and  at  Ph  7.8  no  hydrolysis  is  apparent  and  the  results  herein 
described  are  free  from  such  effects. 

Since  gelatin  above  the  transition  point  is  in  the  soluble  form  it  is  inter- 
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esting  to  speculate  on  the  physiological  significance  of  this  transition  tem- 
perature 38.03°  C.  or  100. 5"*  F. 

Determination  of  Viscosity  of  Gelatin  Solutions  at  Temperatures 
below  ttie  Transition  Point^ 
Since  it  is  only  when  gelatin  solutions  reach  a  temperature  below  the 
transition  point  that  the  viscosity  begins  to  increase  with  age,  we  have 
modified  the  procedure  for  determining  the  viscosity  of  gelatin  solutions 
as  described  in*  a  previous  article.  This  change  consists  in  reheating  the 
solution  to  50°  after  filtering  and  then  immediately  placing  the  solution 
in  the  thermostat  at  the  desired  temperature  and  stirring  vigorously 
imtil  the  temperature  of  the  thermostat  is  reached.  The  age  is  then 
reckoned  from  the  moment  the  solution  registers  38.03°.  This  change 
in  procedure  eliminates  the  last  obstacle  to  securing  exact  checks  by  dif- 
ferent workers. 

Variation  of  Viscosity  with  Concentration  at  40° 
As  has  been  pointed  out  in  a  previous  article*  the  viscosity-concentra- 
tion formulas  so  far  proposed  do  not  hold  for  gelatin  solutions  at  25°. 
Owing  to  the  fact  that  the  gelation  factor  is  different  for  each  gelatin  and 
at  each  hydrogen-ion  concentration  it  was  found  quite  impossible  to 
apply  any  such  formulas.  Furthermore,  gelation  does  not  take  place 
at  a  uniform  rate,  but  the  solution  may  exist  for  some  time  in  a  state  of 
suspended  transformation,  thus  rendering  unreliable  the  application  of 
a  formula  containing  a  factor  covering  the  gelation  effect.  Evidences 
of  this  state  of  suspended  transformation  were  apparent  at  the  time  of 
publication  of  the  earlier  paper  but  were  not  confirmed  until  the  completion 
of  that  part  of  the  present  paper  dealing  with  transition  point. 

In  order  to  test  the  application  of  the  various  viscosity-concentration 
formulas  to  gelatin  solutions  in  which  the  gelation  factor  was  absent, 
the  viscosities  of  solutions  of  varying  concentrations  of  gelatin  at  Ph 
8.0  were  investigated  at  40°.  At  this  temperature  the  viscosity  of  gela- 
tin solutions  made  up  as  previously  described,  and  not  allowed  to  cool 

*  On  the  basis  of  Smith's  work  the  question  has  been  raised  whether  it  would  not 
be  better  to  refer  to  a  "transition  region"  with  limits  at  IS**  and  38*  than  to  a  "transition 
point"  at  38**.  The  answer  to  this  is  not  possible  at  the  present  time  from  the  data 
at  hand.  Gelatin  is  made  up  of  var3ring  proportions  of  the  different  products  of  the 
hydrolysis  of  chondrin.  Each  of  these  dififerent  products  of  hydrolysis  may  have 
a  different  transition  point.  In  such  a  case  the  product  having  the  highest  transition 
point  will  determine  that  of  the  entire  sample. 

On  the  other  hand,  the  transition  is  extremely  slow  and  requires  days  or  weeks  for 
completion  at  temperatures  near  the  transition  point.  By  reducing  the  temperature 
the  "transition  gradient"  is  increased  and  the  change  takes  place  more  rapidly*  reaching 
completion  in  a  few  hours  at  temperatures  up  to  10*.  There  is  evidence  substantiating 
each  of  these  views.  We  are  continuing  the  investigation  along  these  two  lines  and  at 
I>resent  are  more  inclined  to  the  latter  as  being  the  true  explanation. 
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below  40®,  does  not  change  with  age.    The  gelation  factor  being  eliminated 
it  was  thought  a  formtila  could  be  found  which  would  apply. 

The  results  for  these  solutions  are  given  in  Table  III,  and  when  plotted 
in  Fig.  4  the  logarithmic  form  of  the  graph  suggested  at  once  the  appli- 
cation of  Arrhenius'  formula*^ 


(1) 


log  i  =  ^  c. 
Vo 

This  formula,  while  first  advanced  for  so  called  non-colloidal  solutions  has 
since  been  applied  with  success  to  protein  solutions.*    As  first  proposed 

6.50 


2  3  4  5 

Concentration  (%) 
Fig.  4. — Variation  of  viscosity  with  concentration; 
solutions  of  at  3B  gelatin  40®,  Ph  =  8.0. 

by  Arrhenius  the  concentration  c  could  be  expressed  as  volume,  or  weight 
per  cent.  Kendall^  has  modified  this  so  that  c  is  expressed  as  molecular 
concentration  which  modification  has  been  accepted  by  Arrhenius  as 
giving  closer  agreement  with  experimental  data.  Since  the  molecular 
weight  of  gelatin  is  unknown  c  has  been  expressed  in  weight  concentration 
and  the  formula  applied  to  these  data.  The  average  value  for  6  when  sub- 
stituted in  the  original  equation  gives  a  calculated  viscosity  equal  to  the 
observed  viscosity  within  the  limits  of  accuracy  of  the  latter,  c  being 
taken  as  per  cent,  concentration  by  weight. 

»  Arrhenius,  Z.  pkysik.  Chem.,  1,  285  (1887). 

•Arrhenius,  Medd,  K,  Vetenskapsakad.  NobeUnsL,  3,  13  (1916);  Biochem.  J.,  11, 
112    (1917).. 

7  KendaU,  Medd,  K.  Vdenskapsakad.  NoheUnst.,  2,  25  (1913). 
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Table  III 
Variation  of  Viscosity  with  Concentration  of  Gelatin  Solxttions  at  40**  and 

PhS.O 


Concentration 

of  gelatin 

% 

Observed 

absolute  viscosity 

C.p. 

Calculated 

viscosity 

Cp. 

f 

0 

0.666« 

1 

1.00 

1.00 

0.1831 

2 

1.55 

1.53 

0.1867 

3 

2.37 

2.33 

0.1858 

4 

3.47 

3.55 

0.1810 

5 

5.33 

5.42 

0.1818 

Ave.  0.1836 

Arrhenius*  considers  that  for  substances  like  proteins,  whose  molecules 
are  extremely  large  compared  with  those  of  water,  c  may  be  expressed 
suflSciently  accurately  by  the  expression 

^         loop  (2) 

100-(«  +  1)^  ^^^ 

where  p  is  the  number  of  grams  of  solute  in  100  g.  of  solution,  and  n  is 
the  hydration  factor,  i.  e,,  the  number  of  grams  of  solvent  associated 
with  each  gram  of  solute  and  therefore  withdrawn  from  solution.  Sub- 
stituting this  value  in  (1)  we  have* 

If  100  p 

log— 
170 

.,      100     100  G     100     100  e 

«  4-  1  = - -.  (6) 

^'        log^       ^      log  51 
i?o  Vo 


\P^      ^/     \log2L     log^J 


(6) 


log^     log- 
170  170 


This  gives  us  a  method  for  solving  for  6  on  the  assumption  that  the  gelatin 
is  hydrated  in  solution  at  40®.  By  combining  the  values  for  a  1%  so- 
lution with  each  of  the  others  and  solving  for  6  in  Equation  6  we  obtain 
values  for  Gas  follows:  (l%-2%),  0.1796;  (l%-3%),  0.1816;  (l%-4%), 
0.1838;  (l%-5%),  0.1834;  average,  9  0.1821.  Substituting  this  value 
in  Equation  4  we  obtain  values  forn  as  follows:  1%,  — 0.43;  2%, -f- 0.23; 
3%,  -0.31;  4%,  - 1 .  18;  5%,  - 1 .  01.  These  values  are  well  withm  the 
experimental  error  in  determining  viscosity  and  indicate  that  when  gelatin 
is  hydrated  in  solution  at  40°  the  degree  of  hydration  is  very  slight,  cer- 

"Btngkam,  Bur,  Standards,  BuU.,  298,  74  (1917). 

•  Hatschek,  Btochem,  J.,  10,  325  (1916). 
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tainly  not  greater  than  1%.  The  agreement  between  the  calculated 
and  observed  viscosities  in  Table  III  indicates  the  same  fact  because 
these  values  were  calculated  on  the  assumption  that  the  gelatin  is  not  hy- 
drated. 

Hatschek^*^  has  proposed  the  formula  —  =  1  —  -^  where  rj  as  usual  is 

the  viscosity  of  the  solution,  ly©  that  of  the  solvent  and  100  ^  is  the  volume 
per  cent,  of  the  dissolved  substance  with  its  associated  solvent.  Regarding 
this  formula  Smoluchowski"  says:  "It  may  be  an  interpolation  formula 
of  a  certain  use  in  many  cases,  but  it  is  probably  of  no  general  significa- 
tion, as  it  is  impossible  to  give  it  a  rational  foundation."    Hatschek* 

zSr 


%  PSCUDOGLOBULIN     CONCENTRATION 
Fig.  6.— From  Chick. 

caUs  attention  to  the  appUcation  of  his  formula  by  Miss  Chick^^  to  some 
of  her  results  on  various  proteins  and  emphasizes  the  fact  that  where  the 
dissolved  substance  with  its  associated  solvent  occupies  more  than  50% 
of  the  total  volume  the  formula  holds  very  well.  Arrhenius®  shows 
that  Hatschek's  equation  does  not  give  constant  values  for  the  degree 
of  hydration  even  imder  the  conditions  imposed  by  Hatschek.  Arrhenius 
also  suggests  that  it  is  improbable  that  a  continuous  function  such  as 
the  degree  of  hydration  of  these  various  proteins  should  be  represented 
by  an  equation  for  a  discontinuous  ftmction.  In  Fig.  5  we  have  plotted 
the  values  obtained  by  Miss  Chick  for  pseudoglobulin.  In  selecting 
her  values  for  the  hydration  constant  she  chose  points  at  the  top  of  the 
curve.    This  is  the  only  point  where  Hatschek's  formula  can  possibly 

»  Hatschek,  KoUoidchem,,  8,  34  (1911);   11,  284  (1912);   12,  238  (1913). 

"  Smoluchowski,  KoUM  Z.,  18,  190  (1916). 

"  Chick.  Biochem.  /.,  8,  261  (1914). 
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give  anywhere  near  constant  values.  Generally  the  solutions  become  so 
viscous  that  few  values  can  be  determined  on  the  descending  portion  of 
the  concentration-volume  curve. 

A  glance  at  Fig.  6  indicates  why  Hatschek's  formula  gives  more  nearly 
constant  hydration  values  above  50%  than  below.  Up  to  the  point 
where  ^  =  0.5  or  where  the  solute  with  its  associated  solvent  equals 
50%  of  the  total  volume  the  viscosity  increases  only  to  4.858  times  that 
of  the  solvent.  As  ^  increases  from  0.5  to  1  the  viscosity  increases  from 
4.858  to  infinity.  In  other  words,  over  that  portion  of  the  curve  up  to 
0  =  0.5  the  viscosity  increases  fairly  uniformly  with  the  total  vcdtune 
occupied  by  the  solute  with  its  Associated  solvent.     Beyond  the  point 
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Fig.  6. — Graph  of  Hatschek's  hydration  formula  25    =  j  _  -^^^ 
assuming  170  =  1. 

where  ^  =  0.5  the  formida  would  have  the  viscosity  increase  out  of  all 
proportion  to  0  if  ^  continued  to  increase  at  a  tmiform  rate.  Now  the 
experimentally  determined  viscosity  does  not  increase  as  rapidly  as  is 
demanded  by  the  formula  so  that  ^  must  change  from  an  increasing 
to  a  decreasing  function.  That  section  of  the  ciu^e  where  ^  is  undergoing 
a  change  of  direction  will  indicate  a  more  constant  value  for  the  degree 
of  hydration.  Beyond  this  point  the  degree  of  hydration  wiU  decrease 
rapidly.  Since  most  solutions  are  too  viscous  to  manipulate  on  this 
downward  part  of  the  curve  (Fig.  5)  by  sdecting  values  above  ^  =» 
0.5  they  necessarily  come  on  this  flat  section. 
When  Hatschek's  formula  is  applied  to  the  results  in  Table  m  it  gives 
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the  following  values  for  0  and  for  the  volume  occupied  by  1  g.  of  gelatin 
with  its  associated  water. 


Table  IV 

gelatin.     Weight  per  cent. 

* 

Volume  occupied  by  1  g.  of 
gelatin  plus  associated  water 

1 

0.0407 

4.07 

2 

0.1917 

9.68 

3 

0.3781 

12.60 

4 

0.6333 

13.33 

6 

0.6741 

13.48 

B  does  not  even  approach  a  constant  value  until  4>  is  greater  than  0.5. 
We  have  just  seen  that  from  the  nature  of  the  equation  this  is  exactly 
what  is  to  be  expected  and  the  formula  apparently  has  no  general  appli- 
cation. Instead  of  each  gram  of  solute  associating  itself  with  an  increasiag 
amount  of  water  with  decreasiag  concentration  of  water  (increasing  con- 
centration of  solute)  we  would  expect  the  reverse  to  be  the  case.  Hats- 
<^ek  was  at  first  enthusiastic  over  Miss  Chick's  results  because  they  gave 
a  constant  hydration  factor.  He  then  proceeds  to  apply  the  formida  to 
Para  rubber-benzene  solutions.  A  0.5%  solution  of  Para  rubber  in 
benzene  gives  an  association  factor  of  62%.  Obviously  a  1%  solution 
must  give  a  lower  factor.  It  seems  certain  then  that  Hatschek's  formula 
when  applied  to  these  solutions  gives  no  information  as  to  their  behavior, 
while  Arrhenius'  equation  expresses  the  results  within  the  experimental 
accuracy.  Naturally  Einstein's  formula  r;  =  t;o  (1  +  2 .  5^)  does  not  apply, 
for  the  viscosity  is  increasing  more  rapidly  than  the  equation  permits. 
As  Smoluchowski"  points  out  "For  the  sphere  this  value  {k  =  2.5)  has 
evidently  a  minimum  value.  There  is  no  excuse  for  Hatschek's  higher 
values.  K  decreases  with  increasing  diameter  of  the  spherical  particles." 
Hess"  imder  the  title  "Theory  of  the  Viscosity  of  Heterogeneous  Systems" 

has  proposed  the  formula  iy,  = where  r;,  is  the  viscosity  of  the 

l  —  aK 

suspension,  17  the  viscosity  of  the  fluid  dispersion  medium,  K  is  the  volume 
of  the  suspended  particles  and  a  is  a  characteristic  constant  for  each  sub- 
stance and  always  greater  than  1.  The  formida  was  tested  with  suspen- 
sions of  blood  corpuscles  which  offer  the  advantage  of  great  uniformity. 
For  cattle  blood,  a  is  1.6-1.52;  for  pig  blood,  1.42;  for  sheep  blood, 
1.52. 

Before  considering  the  application  of  this  formula  to  the  data  under 
discussion  let  us  consider  its  relation  to  Einstein's  formula. 

Hess'   equation  is 

'"l-flii:  ^^  m^  l-aiC' 


"  Hess,  KoOM  Z.,  27,  1  (1920). 
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Einstein's  equation  is 


17=170(1  +  2.6^)  or    -  =  1  +  2.5^; 


whence 

1 


«  1  +2.5^. 


1-aK 

and 

1  +aK  -^  a*K*  +  a»A'»+  .....  =  1  +  2.6  ^. 

Einstein's  2.50  represents  the  summation  of  aK  +  a^K*  + and  since 

neither  holds  except  for  dilute  solutions  aK  =  2.5  and  the  identity  of 
the  two  equations  is  evident.    Hatschek^^  proves  the  identity  of  Hess', 
formula  and  his  own.    It  would  seem  then  that  Hatschek's  formula  as 
well  as  that  of  Hess  is  identical  with  Einstein's,  although  Hatschek  does 
not  even  mention  Einstein  in  his  article. 

Variation  of  Viscosity  with  Temperature 

The  viscosity  of  1%  solutions  of  3B  gelatin  of  Ph  8.0  was  investigated 
over  a  temperature  range  of  25**  to  60**.  These  results  are  plotted  in 
Fig.  7  together  with  the  viscosity  of  water  over  the  same  range.  It  will 
be  seen  from  the  figure  that  the  viscosity  is  not  a  simple  function  of  the 
temperatiure.  At  40**  and  above,  the  viscosity  of  the  solutions  did  not 
change  with  age.  Above  65**  Arisz^*  has  shown  that  glycerine-water- 
gelatin  solutions  decrease  in  viscosity  with  aging  of  solution.  The  higher 
the  temperature  the  more  rapid  the  decrease.  We  have  shown^  that  the 
same  is  true  for  water-gelatin  solutions  and  that  this  decreasing  viscosity 
is  due  to  hydrolysis  of  the  gelatin.  Arisz  suggested  but  did  not  prove 
this  point.  We  also  showed  that  hydrogen  and  hydroxyl  ions  catalyze 
this  hydrolysis  and  established  the  concentrations  of  these  ions  necessary 
to  hydrolyze  gelatin  solutions  below  the  limit  set  by  Arisz.  Furthermore, 
even  at  25**  certain  concentrations  of  hydrogen  and  hydroxyl  ions  caused 
a  continued  hydrolysis  of  gelatin.  Northrup"  has  studied  this  question 
in  minute  detail  over  the  entire  range  of  hydrogen-ion  concentration. 
He  finds  that  the  hydrolysis  is  10  times  as  rapid  at  65  **  as  at  40  **.  Inasmuch 
as  our  measurements  were  made  at  Ph  8*0,  hydrolysis  had  too  slight  an 
effect  to  make  itself  felt  in  the  results. 

It  will  be  seen  from  Fig.  7  that  the  viscosity  is  not  a  simple  function 
of  the  temperature.  Above  40**  the  viscosity  of  the  solutions  did  not 
change  with  age.  At  35**  and  below  the  viscosity  increased  with  age. 
This  increase  in  viscosity  with  aging  of  solution  accounts  for  the  curve 

"  Hatschek.  KoUoid  Z.,  27,  163  (1020). 
»  Arisz.  KoUoidchem.  BeihejU,  7,  1  (1915). 
>«  Northrup.  /.  Gen.  Physiol.,  3,  6,  716  (1921). 
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being  steeper  bdow  35**  than  it  is  above  40°.  Below  35*"  the  gelation 
factor  manifests  itself  while  above  40**  this  factor  is  absent.  By  prolong- 
ing the  curves  at  35°  and  40°  as  dotted  lines  they  are  foimd  to  cross  at 
38°.     The  transition  point  of  gelatin  should  lie  dose  to  this  point. 

Variation  of  Viscosity  with  Hydrogen-ion  Concentration  at  40° 
It  has  been  pointed  out  in  a  previous  article^  that  at  25°  the  forms  of 
the  hydrogen-ion  concentration-viscosity  curves  will  differ  considerably, 
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Fig.  7. — ^Variation  of  viscosity  with  temperature,  1  =  water, 
2  =  1%  gelatin  solution  3B,  Pu  =8.0. 

especially  on  the  alkaline  side  of  the  iso-electric  point,  depending  upon  the 
age  of  solution  at  which  the  viscosity  is  determined.  In  that  paper 
data  were  given  showing  that  the  form  of  the  ciuve  meant  little  unless 
the  age  of  solution  and  the  time  rate  of  increase  in  viscosity  were  given. 
Since  the  viscosity  of  gelatin  solutions  does  not  increase  with  age  at  40° 
it  seemed  desirable  to  determine  the  effect  of  different  acidities  at  this 
temperature. 

Accordingly,  1%  solutions  of  3B  gelatin  were  investigated  over  a  range 
of  Ph  values  from  1.7  to  12.3.  These  results  are  plotted  in  Fig.  8  and 
show  a  very  distinct  maximum  in  the  viscosity  at  Ph  3.5.  At  Ph  11.0 
to  12.0  there  is  another  maximum  in  the  viscosity.  Due  to  the  very 
rapid  hydrolysis  of  the  gelatin  at  this  temperature  and  at  Ph  values 
greater  than  10  the  viscosity  decreased  so  rapidly  with  aging  of  solution 
that  it  was  impossible  to  locate  the  exact  point  of  maximum  viscosity. 
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The  interesting  part  of  this  curve  lies  not  so  much  in  the  maxima  which 
coincide  very  closely  with  those  obtained  by  Loeb^^  as  in  the  tninimiftn 
point  of  viscosity  which  lies  between  P^  7  and  Ph  8.  There  can  be  no 
doubt  whatever  that  this  is  the  point  of  minimum  viscosity  at  this  tem- 
perature, for  not  only  were  the  viscosities  and  Ph  values  checked  very 
carefully,  but  the  slope  of  the  curve  on  both  sides  of  the  minimtun  agrees 
with  this  point.  This  may  very  well  be  the  result  of  absence  of  the  age 
effect  on  viscosity;  the  minimtmi  obtained  at  Ph  4.7  at  25**  would  then 
be  an  apparent  minimum  only. 

Consider  the  action  of  the  two  major  factors  affecting  gelatin  solu- 
tions at  25^  and  in  the  Ph  range  3.5-10.0.    Addition  of  alkali  causes 
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Fig.  8.— Variation  of  viscosity  with  Ph;  1%  solutions  of 
3B  gelatin  at  40**. 

a  decrease  {F)  in  viscosity  at  Ph  3.6.  At  the  same  time  there  is  an  in- 
crease in  the  rate  of  gelation  (g)  caused  by  the  addition  of  alkah.^  Where 
the  algebraic  sum  of  these  factors  g  +  R  equals  zero  {R  being  negative 
at  this  point)  there  will  be  a  maximum  or  a  minimum.  At  40^  this  gela- 
tion factor  is  absent;  consequently  we  are  getting  the  true  effect  of  hydro- 
gen-ion concentration  on  viscosity.  It  has  been  suggested  that  the  ash  con- 
tent of  this  gelatin,  which  amotmted  to  0. 5  per  cent.,  influenced  the  point 
of  minimum  viscosity.  That  this  is  unlikely  is  seen  from  the  fact  that 
both  Loeb  and  oturselves  have  repeatedly  shown  that  when  the  hydrogen- 
ion  concentration  remains  the  same  the  presence  of  nonpredpitating 
salts  has  no  effect  other  than  their  effect  on  the  water  itself.  There  may 
be  considerable  difficulty  in  reconciling  this  minimum  viscosity  at  Ph 
about  8.0  with  the  iso-electric  point  at  Ph  4.7. 
»'  Loeb,  /.  Gen,  Physiol,.  3,  86  (1920). 
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Summary 

1.  The  density  in  grams  per  cubic  centimeter  of  a  gelatin  solution  of 
any  concentration  at  any  temperature  is  equal  to  the  density  of  water 
at  that  temperature  plus  0. 00290  multiplied  by  the  percentage  concentra- 
tion of  the  gelatin  by  weight. 

2.  The  viscosities  of  gelatin  solutions  of  various  concentrations  at 
40**  conform  to  Arrhenius*  viscosity  formula. 

3.  The  viscosity-temperature  curve  of  gelatin  shows  a  sharp  deflection 
at  the  transition  point  of  the  gelatin. 

4.  There  are  two  maxima  in  the  viscosity-hydrogen-ion  concentration 
curve  for  gelatin  solutions  at  40®.  These  maxima  are  about  equidistant 
from  the  neutral  point  of  water  and  the  effect  of  the  iso-electric  point 
Pu  4.7  is  not  noticeable  on  the  curve. 

5.  The  transition  point  of  gelatin  Sol  form  A  ^  Gel  form  B  is  at  a 
temperature  of  38.03**. 

6.  A  change  has  been  suggested  in  the  method  of  estimating  age  of 
solution  for  viscosity  determinations  at  temperatures  below  the  transition 
point  of  the  gelatin 

Nbw  York,  N.  Y. 
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Introduction 

The  transfer  of  oxygen  from  the  chemically  combined  or  bound  condition 
to  the  free  condition  is  somewhat  analogous  to  the  passage  of  a  substance ' 
from  the  solid  phase  to  the  gaseous  phase.  The  combined  oxygen  in  an 
oxide  (or  the  combined  carbon  dioxide  in  a  carbonate)  may  be  conceived 
as  occupjring  at  any  temperature  and  pressure  a  definite  partial  specific 
volume  and  regarded  as  the  specific  volume  of  the  compotmd  less  the 
specific  volume  of  the  metal  or  other  atomic  residue.  Thus  for  silver 
oxide  the  volume  of  a  gram  of  oxygen,  in  the  combined  condition, 
obtained  from  the  densities  of  silver  oxide  (AgtO)  and  silver,  would  be 
0.6472  cc.  at  ordinary  temperatures,  which  in  fact  in  this  instance  is  about 
the  estimated  volume  of  1  g.  of  oxygen  in  the  free  solid  condition  at  —273**. 

In  the  case  of  silver  oxide  large  pressures  of  oxygen  are  obtained  at  com- 
paratively low  temperatures  and  the  gas  law  pv  =  RT  is  insufficient  as 
an  equation  to  calculate  the  equilibrium  volumes  of  the  oxygen.    G.  N. 
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Lewis/  who  first  studied  the  equilibrium  conditions  of  this  oxide,  applied 
to  his  measurements  a  method  of  thermodynamic  correlation  based  on 

the  use  of   the   Clausius   equation   (Q  =  T  —^  Au),  and  employed  the 

dT 

RT 
equation  v  =  —  which  was  sufficient  for  the  range  of  pressures  measured. 

P 
The  term  Av  represents  the  increase  in  volume  of  the  products  of  the  de- 
composition over  the  volume  of  the  factors.  For  two  mols  of  silver  oxide 
Av  is  the  sum  of  the  volumes  of  1  mol  of  oxygen  and  4  mols  of  silver  di- 
minished by  the  volume  of  2  mols  of  silver  oxide.  The  quantity  amotmts, 
therefore,  to  the  diflference  in  the  volume  of  free  oxygen  diminished  by 
the  volume  difference  between  silver  oxide  and  free  silver,  all  imder  the 
same  equilibrium  conditions  of  pressure  and  temperature.  In  support 
of  the  analogy  of  this  type  of  equilibrium  to  that  of  a  pure  substance 
it  may  be  pointed  out  that  the  voliune  of  the  free  oxygen  diminishes 
continuously  with  the  rising  pressure  as  does  the  sattu'ation  volume  in 
the  case  of  a  pure  liquid  or  solid.  The  volume  difference  between  silver 
oxide  and  silver  also  increases  regularly.  The  analogy  will  be  really 
complete,  however,  if  the  heats  of  the  transfer  from  combined  to  free  state 
diminish  and  eventually  vanish  at  the  point  where  Av  is  zero.  It  was  a 
prime  object  of  this  work  to  examine  as  far  as  feasible  this  possibility. 
The  density  data  available  are  incomplete  for  silver  oxide,  but  the  coeffi- 
cients of  expansion  of  the  salts  AgCl  and  AgBr  are  only  about  half  again 
as  large  as  that  of  silver,  and  if  silver  oxide  is  approximately  similar  the 
volume  difference  of  salt  and  metal  would  increase  very  slowly  with  the 
temperature.  Lacking  data  on  the  expansion  of  silver  oxide  the  volume  dif- 
ference for  silver  oxide-silver  will,  in  this  paper,  be  taken  as  constant.  The 
data  to  follow  indicate  that  Av  may  eventually  vanish  with  rising  tempera- 
ture and  pressure,  but  since  Q  finally  increases  with  rising  temperature 

—   Av  may  become  indeterminate. 
dT 

The  volumes  of  the  free  oxygen  can  be  easily  calculated  by  means  of 
the  equation  of  state^  for  oxygen  when  the  equilibrium  pressures  and  tem- 
peratures of  oxygen  over  silver  oxide  are  given.  The  constants  of  the  oxygen 
equation  of  state  were  obtained  from  Amagat's  data  extending  over  a 
temperatiu^e  range  of  200®  and  pressure  range  of  1000  atmospheres.  The 
data  in  connection  with  the  equilibrium  in  the  present  investigation 
extend  to  a  pressure  of  only  about  400  atmospheres,  but  sufficient  data 
are  available  not  only  to  establish  this  important  equilibrium,  but  to 

*  Lewis,  Z.  physik.  Chem.,  55,  449  (1906).  The  equilibrium  values  presejited 
in  this  paper  were  sent  some  months  ago  to  Professor  Lewis  to  be  used  in  certain  cal- 
culations in  connection  with  his  free  energy  studies. 

«  Proc.  Nat.  Acad.  Set.,  3,  323  (1917);  This  Journal,  43,  1452  (1921). 
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indicate  that  Av  probably  does  not  vanish  below  the  melting  point  of 
silver  or  perhaps  that  of  silver  oxide. 

Apparatus  Details 

The  material  in  which  the  silver  oxide  was  contained  was  of  sterling 
silver  reinforced  by  a  steel  jacket  represented  in  Fig.  1 . 

The  interior  of  the  steel  member  G  of  diameter  12  mm.  was  covered  uniformly 
with  a  layer  of  silver  solder  and  then  filled  with  molten  sterling  silver  rubbed  into 
soldering  contact  with  the  walls  of  the  steel  member.  The  silver  case  of  the  latter  was 
bored  out  to  a  diameter  of  about  8  -mm.  The  steel  sheath  C  was  filled  with  silver 
in  a  manner  similar  to  G,  bored,  and  left  with  a  silver  end  which  filled  a 
section  of  the  silver  lining  H  of  G.  A  chemically  pure  silver  ring  F  served 
as  a  closing  gasket  forced  to  a  tight  closure  by  means  of  the  steel  ring  E 
driven  by  the  nut  D.  The  lead  tube  A  was  prepared  by  drawing  down  a 
steel  tube  which  inclosed  a  silver  tube,  and  the  composite  tube  so  formed 

was   silver  soldered  as  indicated 
at  B. 

The  constant  temperature 
bath,  Fig.  2,  consisted  of  a  so- 
dium nitrate  -  potassium  nitrate 
mixture  contained  in  a  steel  ves- 
sel about  which  was  wound  a  Ni- 
chrome  resistance  winding  E.  Two 
heats  were  provided  by  means  of  3 
terminal  connections,  one  of  which 
is  designated  by  A.  The  tube  G 
containing  the  material  was  passed 
through  the  steel  cover  of  the 
bath  which  carried  the  stirrer  and 
supplementary  heater  used  for 
regulation.  The  space  L  was  filled  with  in- 
sulating material,  and  the  platinum  resistance 
thermometer  F  served  to  measure  the  tem- 
perature. The  connecting  block  N  carried  a 
stopcock  O  which  served  to  close  the  bomb 
from  a  pump  used  to  inject  pure  oxygen,  since 
at  the  higher  temperatures  the  volume  of  the 
apparatus  was  large  enough  to  exhaust  the 
oxygen  contained  in  the  quantity  of  silver 
oxide  under  observation.  The  oxygen  pump 
was  advantageous  in  changing  at  will  the  rela- 
tive amounts  of  silver  and  silver  oxide  in  the 
bomb  and  thus  approaching  the  equilibrium 
pressure  from  higher  and  lower  pressures. 

Pressures  were  meastu-ed  on  the  gage  M 
indicating  to  2  lbs.  The  gage  was  calibrated 
by  means  of  one  of  the  standard  gages  of  the 
floating  piston  type  in  use  in  this  Labora- 
tory whose  constant  was  obtained  by  direct 
comparison  with  a  9-meter  column  of  mer- 
Fig.  2.  cury. 


1. 
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The  silver  oxide  employed  was  prepared  from  c:  p.  silver  nitrate  solution  obtained 
from  c.  p.  silver.  Crsrstals  of  Ba(OH)i.SHiO  obtained  by  repeated  crsrstallizations 
were  used  for  the  precipitating  solution  and  the  silver  oxide  was  washed  with  distilled 
water  free  from  carbon  dioxide.  Three  days'  washing  was  required  to  remove  all  traces 
of  barium  nitrate.  The  silver  oxide  was  dried  in  a  special  bomb  through  which  dry 
air,  free  from  carbon  dioxide,  was  circulated.  The  temperature  of  the  drying  was 
gradually  raised  to  275®  during  a  period  of  12  hours  when  the  effluent  g^  from  the  bomb 
was  found  to  be  dry.  The  silver  oxide  gave  on  analysis  a  silver  content  of  03 .09% 
as  compared  with  93 .  136%  from  the  formula. 

Experimental  Data 

The  measurements  at  temperatures  lower  than  370®  confirm  in  every 
way  the  details  given  by  Lewis  regarding  the  slowness  of  the  reaction  at 
lower  temperatiures.  In  the  present  experiments  about  20  hours  was 
necessary  to  insure  equilibrium  at  about  300°  while  above  this  temperature 
equilibrium  was  established  very  quickly.  Altogether  the  pressures 
at  5  temperatures  were  measured,  beginning  at  374*  and  ending  with  500**, 
and  at  each  temperature  6  to  10  observations  were  made  of  the  pressures 
as  obtained  from  the  formation  and  decomposition  sides  of  the  reaction. 
This  control  could  be  very  conveniently  obtained  by  means  of  the  oxygen 
injection  pump  connected  to  the  block  N  at  P,  Fig.  1.  Oxygen  could  be 
allowed  to  escape  through  Q,  which  carried  a  steel  stopcock  not  shown  in  the 
figure.  Table  I  gives  the  new  measurements  and  also  the  data  of  Lewis. 
The  last  column  presents  the  pressures  calculated  for  the  measured  tem- 
peratures by  means  of  the  equation  written  into  the  plot,  Fig.  3.  For  com- 
parison there  has  been  drawn  in  this  plot  the  dotted  line  representing  the 
equation  for  the  silver  oxide  equilibrium  as  computed  by  Pollitzer*  on 
the  basis  of  the  Nemst  theorem. 

Discussion  of  the  Results 

Fig.  3  and  Table  I  present  our  data  and  those  of  Lewis  in  terms  of  the 

variables  log  p  and  1/T.    Within  the  limits  of  accuracy  of  the  data 

it  is  evident  that  the  points  lie  on  a  straight  line  whose   equation  is 

2859 
log  p  = h  6.2853.    The  free  oxygen  departs  progressively  from 

the  simple  gas  laws,  but  the  equation  of  state  enables  the  volumes  to  be 
calculated  at  any  temperature  and  pressure.    The  equation  for — ^  is 

obtained  from  the  log  p  equation  given,  or 

dp        2869  X  2.3023          6682 
— i—  =  p  s  p, 

dT  T*  ^         T*    ^ 


s  "Die  Beredmung  Chemischer  Affinitaten  nach  dem  Nemstschen  Warmetheorem.' 
Ferd.  Enke.  Stuttgart,  1912. 
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The  heat  of  the  reaction  at  any  temperature  is  obtained  from  the  Claus- 

ius  equation  by  substituting  therein  the  equation  for  —  . 

dT 
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Tabi.8  I 

EQUn«IBRItJM  PrKSSURBS  in  ATMS.  FOR  THE  RSACTION 

2Ag,0  =  4Ag  +  Cr2 

New  Data 
Pressure  in  Atm. 


Mean 

1    X  10» 

UigP 

Pcalc.b 

1 

To  left 

To  right      Observed 

T,  abs. 

T 

Obs. 

equatioE 

374.0 

'  74.3          74.3 

647.1 

1.6454 

^  1 .8710 

73.6 

403.0 

113 

115.9    .    114.6 

676.1 

1 .4791 

2.0688 

113.9 

452.0 

214.2 

212.8        213.5 

726.1 

1 .3791 

2.3294 

220.0 

467.7 

269.7 

256.8        257.8 

740.8 

1.3499 

2.4113 

266.6 

484.0 

323.6 

323.3        323.6 

767.1 

1.3208 

2.6099 

322.9 

500.2 

389.9 

386.7        388.3 

773.3 

1.2932 

2.6892 

387.3 

Equilibrium  Pressiu-es  Measured  by  Lewis 

302.0 

.....          20.6 

576.1 

1.7388 

1.3118 

20.6 

325.0 

32.0 

698.1 

1.6720 

1.6052 

32.0 

445.0 

207.0 

718.1 

1.1393 

1.3160 

201.4 

•  Equation  for  equilibritun  pressure, 

log     p^im 

2859 
=  -^+6.2853. 

•'.  • 
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where  v  is  the  volume  of  a  mol  of  oxygen  in  the  free  state  under  equilibrium 
pressure  p  at  the  absolute  temperature  T.  The  number  20 . 7  is  the  voliune 
difference  between  2  mols  of  silver  oxide  and  4  mols  of  silver  using  the 
densities  given  for  ordinary  temperatures  7.5  and  10.5.  Evidently 
this  number  should  increase  with  the  temperature,  since  the  coefiScient 
of  expansion  of  silver  oxide  undoubtedly  exceeds  that  of  silver.  The  in- 
crease would  be  comparatively  slight  and  will  be  neglected.  It  should 
be  noted  that  the  above  simple  equation  involves  no  approximations, 
but  is  based  on  the  complete  Clausius  equation  and  upon  experiment. 

In  Table  II  will  be  found  the  pressures  and  volumes  of  oxygen  at  the 
equilibrium  temperatures  given  in  Col.  1.  The  volumes  calculated  by 
means  of  the  perfect  gas  laws  are  also  listed  and  it  will  be  observed  that 
a  very  fair  approximation  to  the  true  voliune  is  obtained  up  to  about 
20  atmospheres,  while  at  about  4000  atmospheres  the  actual  volume  is 
somewhat  more  than  twice  the  voliune  calculated  by  means  of  the  perfect 
gas  equation.  At  the  corresponding  temperature  it  will  be  noted  also  that  Av 
is  24. 71  cc.  A  graph  of  Av  indicates  that  Av  might  vanish  in  the  neigh- 
borhood of  1200®,  although  this  might  occur  at  a  lower  temperature  on 
account  of  the  larger  expansivity  of  silver  oxide  as  compared  with  silver. 
The  silver  would  melt  bglow  1200®  and  possibly  the  oxide  also  which 
would  introduce  complexities  due  to  solutions. 


BquU. 

25 
200 
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400 
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600 
700 
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Equil. 
press. 
Atms. 


Tabids  II 
Pressures  and  Volumbs  op  Oxygbn 

Volume"  cc.    Volume  cc. 
per  mol.  by       per  mol. 
by  perfect 


dp 


dT 


exact 
equat. 


gas  laws 


Av 


1.75 
19.8 
109.2 
386.5 
1026 
2225 
4179 


0.05144  22208.0   22176.0   22187.3 
0.397    2386.2    2374.4    2365.5 


1.587 
4.257 
8.856 
15.47 
23.90 


524.8 

187.52 

95.81 

61.76 

45.41 


505.6 
164.2 
69.76 
37.76 
21.12 


504.1 
166 .« 
75.1 
41.06 
24.70 


Total 
heat  cal. 
per  mol. 
of  Ot 


13083 
13042 
13046 
13313 
14071 
14973 
15349 


Internal 

heat. 
iQ-pA9) 

12640* 

12142 

11907 

11712 

11751 

12204 

12760 

12848 


'  Equation  of  state  for  oxygen;  pressure  in  atmospheres  of  76  cm.  of  Hg;  volume 
in  cc.  per  g. 

^2.564  1475 

*"t»-«       •(»  +  0.09)« 


log  5  -  0.1420  - 


0.303 


*  Mean  of  Thomsen's  and  Berthelot's  observed  values  combined  with  computations 
of  Lewis,  Ref.  1. 

The  last  column  gives  the  heat  of  the  reaction  diminished  by  the  ex- 
ternal work  p  Av  in  calories.  The  specific  heat  of  silver  oxide  has  not  been 
measured,  but  by  Kopp's  rule  about  500  cal.  would  be  added  to  the  heat 
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at  200**  giving  12642  cals.  at  ordinary  temperatures,  in  excellent  agree- 
ment with  the  mean  of  the  observed  values  of  Thomson  and  Berthelot 
and  three  others  calculated  by  Lewis.  It  is  of  interest  to  observe  that  a 
minimum  appears  to  exist  at  about  400-500°  in  the  values  of  the  internal 
heats,  which  indicates  that  the  heat  is  tending  to  increasingly  large  values 
while  At;  is  diminishing  continuously.  The  specific  heat  of  silver  oxide 
is  required  before  further  interpretation  of  the  present  equilibrium  data 
is  possible.  The  specific  heats  at  low  temperatures  together  with  accurate 
values  of  the  vapor  pressure  of  liquid  oxygen  below  one  atmosphere  will 
also  provide  material  to  test  more  adequately  the  application  of  the 
Nemst  heat  theorem  to  the  type  of  equilibrimn  herein  discussed. 

Summary 

1 .  The  equilibritun  pressure  of  oxygen  over  silver  and  silver  oxide  has 
been  measured,  confirming  the  data  of  Lewis  and  extending  them  to  higher 
pressures  and  temperatures. 

2.  The  follovdng  equation  (ordinarily  derived  by  the  use  of  the  perfect 
gas  law  and  by  assuming  the  heat  constant)  is  found  empirically  to  rep- 
resent the  data  exactly: 

log  p   =    -2859/r  -f  6.2853, 

where  the  pressure  is  in  atmospheres,  the  temperature  is  degrees 
absolute,  and  common  logarithms  are  used. 

3.  The  Nemst  heat-theorem  equation,  as  given  by  Pollitzer  to  fit 
the  data  of  Lewis,  fails  to  represent  the  data. 

4.  Neglecting  only  the  difference  in  the  coefficient  of  expansion  be- 
tween silver  oxide  and  silver,  the  following  equation  is  derived  from  the 
Clausius  equation  for  the  external  heat  of  the  reaction,  in  calories  per  mol 
of  oxygen, 

Q  =  6582  (r-20.7)  p/T, 

where  v  calculated  from  the  equation  of  state  for  oxygen  is  given  in  cc.  per 
mol. 

5.  The  value  for  the  internal  heat  at  25®,  calculated  with  the  aid  of 
Kopp's  rule,  is  12642  cal.,  in  agreement  with  the  mean  of  the  measure- 
ments and  computations  (12640  cal.)  considered  by  Lewis. 

6.  The  internal  heats,  though  they  pass  through  a  minimum  at  about 
400-500°,  increase  again  with  rising  temperature. 

7  The  analogy  between  this  chemical  reaction  and  a  simple  evaporation, 
therefore,  breaks  down  since  no  sign  is  shown  of  a  critical  point,  with  the 
heat  equal  to  zero,  although  An  appears  to  be  diminishing  progressively. 
Cambridge  39,  Massachusetts 
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[CONTKIBUTlON«FROM   THB   ChBMICAL    LABORATORY   OP   STANFORD   UnIVSRSITY] 

THE  AMMONO  CARBONIC  ACIDS 

By  Edward  C.  F&anklin 

Received  November  28»  1021 

Introduction 
Ammono  acids  are  compounds  related  to  ammonia  as  the  ordinary 
oxygen  acids  are  related  to  water.  ^  It  follows  therefore  that  the  familiar 
substances  guanidine,  biguanide,  cyanamide,  dicyanodiamide  and  mela- 
mine  as  well  as  the  less  well  known  melam,  melem,  melon  and  hydro- 
melonic  add,  which  many  years  ago  were  objects  of  intensive  study,* 
are  to  be  looked  upon  as  ammono  carbonic  acids. 

Aquo  Carbonic  Acids  and  Ammono  Carbonic  Acids 

The  formal  analogy  between  the  carbonic  adds  of  the  water  or  oxygen 
system  on  the  one  hand  and  the  carbonic  adds  of  the  ammonia  or  nitrogen 
system  on  the  other  is  shown  by  the  following  schemes  which  represent 
(1)  aquo  ortho  carbonic  acid  and  its  dehydration  products  and  (2)  the 
compounds  enumerated  above  represented  as  de-ammonation  products 
of  a  purely  h3rpothetical  ammono  ortho  carbonic  acid.* 

(1)  C(0H)4  —  H,CO,  —  CO, 

(2)  C(NH,)4  -^  HiCN,  -^  HtCN.  -^  H,CN,  —       HCN, 

Guanidine  Biguanide    Cjranamide     Dicyanimide 

I 

H4C^4 

Dkyanodiamide 

I 

H.C,N.  —  HjCNu 
l^els^niine     Mdam 
H»C«Nio  —  H,C«Nf  -^      HiCNi,  —  CN* 

Melem  Melon  Hydromelonic  Add     Carbonic  Nitride 

^  Cf.  Am.  Chem.  J.,  47,  285  (1912);  Proc.  Eighih  Int.  Cong.  App.  Chem.,  6,  119 
(1912). 

'Uebig.  Ann.,  10,  1  (1834);  50,  337  (1844);  53,  330  (1845);  95,  257  (1855). 
Laurent  and  Gerhardt  Ann.  chim.  phys.,  [3]  19,  85  (1847). 

*The  following  structural  formulas  are  printed  in  the  belief  that  the  relations 
between  the  members  of  the  group  of  compounds  under  consideration  will  thereby 
be  made  clearer.  Those  given  for  guanidine,  biguanide,  cyanamide,  dicyanodiamide 
and  melamine  are  the  generally  accepted  formulas.  The  remaining  compounds  are 
represented  as  successive  de-ammonation  products  of  melamine  which  for  this  purpose 
is  formulated  as  the  amide  of  the  trivalent  nucleus,  CsNt. 

HN  =  C-NHa       HN  =  C-NH 

>C<  .       HN  =  C<C  .  /N^' 

HiN-^      ^NHt  ^NH,  HN=C-NHi         N-C-NH,. 

Guanidine  Biguanide  Cyanamide 
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The  first  scheme,  familiar  for  its  frequent  use  to  show  the  relations  be- 
tween ortho  carbonic  acid,  ordinary  carbonic  acid  and  carbonic  anhydride, 
calls  for  no  comment  other  perhaps  than  to  contrast  the  very  limited 
number  of  compounds  in  this  series  of  dehydration  products  with  the 
much  larger  number  of  ammono  carbonic  acids  listed  in  the  second,  and 
to  note  that  the  end  product  in  the  former  is  a  gas,  while  all  the  compotmds 
in  the  latter  group  are  solids.  Melon,  the  best  known  compound  towards 
the  end  of  the  second  scheme,  i^  an  insoluble,  infusible  substance  which 
withstands   without   change    a   temperature    approaching   redness. 

In  the  second  scheme  guanidine,  biguanide,  cyanamide  and  dicyan- 
imide  are  represented  as  stepwise  de-ammonation  products  of  ammono 
ortho  carbonic  acid,  dicyanodiamide  and  melamine  as  a  dimer  and  a  trimer, 
respectively,  of  cyanamide,  while  the  remaining  members  of  the  group 
appear  as  successive  de-ammonation  products  of  melamine.  For  the 
most  part  the  transformations  indicated  have  been  experimentally  es- 
tablished. 

Guanidine  to  Melon, — The  action  of  water  and  ammonia,  respectively, 
on  chloropicrin  or  ethyl  ortho  carbonate  might  be  expected  to  yield  com- 
pounds of  the  respective  formulas  C(0H)4  and  C(NH2)4.  As  a  matter  of 
fact,  the  products  obtained  are,  in  the  first  case,  carbon  dioxide,  in  the 
second,  gudnidine.^  Guanidine  thus  appears  as  a  de-ammonation  prod- 
uct of  an  h)rpotfletical  ammono  ortho  carbonic  acid  just  as  carbon  di- 
oxide is  usually  assumed  to  be  the  dehydration  product  of  the  primarily 
formed  ortho  carbonic  acid. 

The  second  step  in  this  process  of  de-ammonation,  namely,  the  conver- 

Ref .  3,  cont. 

NH, 
I 
/CN  /NH,  /% 

^NHCN       HJ^-C        C-NH,  \-,-, 

Dicyanimide       Dicjranodiamide  Melamine  . 

CN,  =  (NH,)i  C,N,  =  (NH,),  CN, = NH. 

>NH  >NH  >NH 

C,N,  =  (NH,),,  C,Na  =  NH      .  C,N,=NH     , 

Melam  Meletn  Melon 

^N 
^,N,=NH  ^N  ^^        ^ 

N-C,N,=NH    ,  N-CN      .  ^N'^'" 

x:,N,=-NH  \:n  n   I    N 

Hydromdonic  acid         Carbonic  nitride  %C 

Hofmann,  Ann.,  139,  107  (1866);    Ber.,  1,  145  (1868). 
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sion  of  guanidine  into  biguanide  has  been  accomplished  by  carefully 
heating  guanidine  hydrochloride.^ 

Apparently  neither  guanidine  nor  biguanide  has  been  converted  into 
cyanamide  by  simple  loss  of  ammonia.  When  guanidine  carbonate,* 
or  free  guanidine^  is  heated  melamine,  a  trimer  of  cyanamide,  is  obtained 
instead  of  cyanamide  itself.  However,  the  transformation  of  guanidine 
into  cyanamide  is  easily  accomplished  by  dissolving  guanidine  in  fused 
sodium  amide^  or  by  heating  it  with  quicklime.^  It  is  safe  to  assume  that 
biguanide  may  also  be  converted  into  cyanamide  by  the  action  of  fused 
sodium  amide. 

In  the  table  given  above,  cyanamide  is  represented  either  as  losing 
ammonia  to  form  dicyanimide  or  as  undergoing  polymerization  to  di- 
cyandiamide.  When  cyanamide  is  heated  it  does  not  lose  ammonia  as 
might  be  expected  to  form  dicyanimide.  Instead,  it  undergoes  polymeriza- 
tion first  to  dicyanodiamide^®  and  thence  to  melamine.*^  The  trans- 
formation of  cyanamide  into  dicyanimide  takes  place  when  melon  is 
dissolved  in  fused  disodium  cyanamide." 

At  a  higher  temperature  melamine  loses  ammonia  to  form  melam  which 
in  turn  is  finally  converted  into  melon.  Further  de-ammonation  of  melon 
to  hydromelonic  acid  or  to  pure  carbonic  nitride  has  not  been  accomplished. 

Returning  to  dicyanimide  it  is  interesting  to  note  that  this. substance 
on  being  heated  is  polymerized  to  melon  instead  of  lo^ng  ammonia  to 
form  carbonic  nitride. 

Melon  to  Guanidine. — Among  the  inverse  transformations  but  one 
case  of  simple  addition  of  ammonia  seems  to  be  known.  Rathke^'  found 
that  melamine  is  formed  when  melem  is  heated  with  aqueous  ammonia. 

Cyanamide,  in  the  form  of  its  disodium  salt,  is  formed  when  sodium 
melonate,  sodium  dicyanimide,  melon,  crude  melam,  melamine  or  di- 
cyandiamide  is  dissolved  in  fused  sodium  amide.  The  ammono  carbonic 
acids,  ^*  hydromelonic  acid,  dicyanimide,  melon  and  melam  are  thus 
ammonated,  while  melamine  and  dicyanodiamide  are  depolytnerized  to 
cyanamide,  the  only  ammono  carbonic  compound  which  is  stable  in  the 
presence  of  an  excess  of  the  fused  ammono  base. 

The  simple  stepwise  ammonation  of  cyanamide  through  biguanide  to 

*  Bamberger  and  Dieckmann.  Ber.,  25,  543   (1892). 

•Nencke,  /.  prakt.  Chem.,  [2]  17,235  (1878);    Smolka  and  Friedreich,  Monatsh., 
10,  91   (1889). 

^Rathke,    Ber.,    12,   778    (1879). 

"  Observations  made  in  this  laboratory. 

•  Emich,  Monatsh.,  10,  334  (1889). 

'OBeilstein  and  Geuther,  Ann.,  108,  99  (1858);    123,  241  (1862). 

"Drechsel,   /.   prakt.   Chem.,    [2]   13,  331    (1876). 

"  See  p.  497. 

"Rathke.  Ber.,  23,  1675  (1890). 

"  Sec  p.  497. 
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guanidine  has  apparently  never  been  realized.  Cyanamide,  however, 
is  ammonated  to  guanidine  when  heated  with  ammonium  chloride  in 
alcoholic  solution^*  and  in  a  similar  manner  dicyandiamide  is  converted 
into  biguanide.^*  Dicyanodiamide  is  also  ammonated  to  biguanide  when 
heated  with  ampioniacal  cupric  hydroxide  solution.*^ 

The  final  step  in  this  ammonation  series,  namely,  the  formation  of 
guanidine  from  biguanide  has  not  been  accomplished. 

Hydrolysis  of  the  Ammono  Carbonic  Acids  and  the  Ammonolysis  of 
Aquo  Carbonic  Acid.— In  harmony  with  the  view  that  compounds  under 
consideration  are  ammono  carbonic  acids  is  the  behavior  of  the  ammono 
carbonic  acids  toward  water,  on  the  one  hand,  and  the  action  of  ammonia 
on  aquo  carbonic  acid,  or  more  generally,  on  the  metallic  carbonates, 
on  the  other.  The  ammono  carbonic  acids  without  exception  when  heated 
to  a  high  temperature  in  the  presence  of  water  are  hydrolyzed,  usually 
through  various  mixed  aquo  ammono  carbonic  acids  to  carbon  dioxide 
and  ammonia  in  accordance  with  the  general  equation  xNH8.yC8N4  + 
GyHjO  =  3yC02  +  (x  +  4y)NH8  m  which  xNH8.yC8N4  represents  any 
one  of  the  known  ammono  carbonic  acids.  *• 

The  equation  given  above,  read  from  right  to  left,  represents  the  am- 
monolysis of  aquo  carbonic  acid,  or  strictly  speaking,  carbonic  anhydride, 
to  an  ammono  carbonic  acid.  In  experiments^®  in  this  direction,  however, 
the  anmionolysis  has  been  carried  only  so  far  as  the  formation  of  urea,  a 
mixed  aquo  ammono  carbonic  acid.  The  action  of  ammonia  on  ethyl  ortho 
carbonate  to  form  guanidine  mentioned  above  and  on  calcium  carbonate 
to  form  calcium  cyanamide^®  are,  in  principle,  reactions  represented  by 
the  equation  given  above  read  from  right  to  left. 

The  Acid  Properties  of  Guanidine  and  its  De-ammonation  Products. — 
Among  the  members  of  the  group  of  compounds  under  consideration  it 
happens  that  only  dicyanimide  and  hydromelonic  acid  are  endowed  with 
distinct  acid  properties.  Cyanamide  and  dicyanodiamide  are  neutral 
in  reaction.  The  first  forms  an  unstable  hydrochloride;  both  form 
metalHc  derivatives  which,  excepting  certain  highly  insoluble  salts  of 
heavy  metals,  are  practically  completely  hydrolyzed  in  the  presence  of 
water.  Guanidine  and  biguanide  show  not  the  slightest  acid  properties 
in  water  solution.     On  the  contrary,  they  behave  as  strong  bases.'^    Mel- 

»  Erlenmeyer,  Ann.,  146,  259  (1868);   Bannow.  Ber.,  4,  162  (1871). 

"  Smolka  and  Friedreich,  Monatsh.,  9,  288  (1888);   10,  87  (1889);  Ref.  5,  p.  545. 

"  Hcrth,  ibid.,  1,  94  (1880). 

^  For  example,  according  to  Knapp  [Ann.,  21,  256  (1837)]  melamine  is  hydrolyzed 
first  to  ammeline,  thence  to  ammelide  and  finally  to  cyantuic  acid. 

"  Mixter,  Am.  Chem.  /..  4,  35  (1882).  Bourgeois,  Bull.  soc.  Mm.,  [3]  7,48  (1892); 
13]   17,  474    (1897). 

*»Ger.  pat.  138,456;  Zentr.,  1903,  I,  677. 

**  They  are  bases  in  the  sense  that  ammonia  is  a  base. 
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amine  is  a  weak  base.    Melam,  melem  and  melon  are  insoluble  substances, 
concerning  the  acid  properties  of  which  practically  nothing  is  known. 

Conclusion. — The  formal  analogy  existing  between  the  two  carbonic 
acids  as  derivatives  of  water  on  the  one  hand  and  the  group  of  compoimds 
tmder  consideration,  looked  upon  as  derivatives  of  ammonia,  on  the  other; 
the  readiness  with  which  one  may  pass  stepwise  from  guanidine  to  melon 
by  processes  of  de-ammonation  and  polymerization  and,  beginning  with 
melon,  return  to  guanidine  by  reactions  of  ammonation  and  depolymeriza* 
tion,  the  fact  that  each  of  these  compounds  may  be  hydrolyzed  into  carbon 
dioxide  and  ammonia  are  considerations  which  certainly  lend  support 
to  the  view  that  guanidine  and  its  de-ammonation  products  are  carbonic 
adds  of  the  anunonia  system. 

This  view  is  established,  as  it  would  seem,  by  the  experimental  work 
described  below  which  shows  that  all  the  soluble  members  of  this  group 
of  compounds  are  capable  of  forming  metallic  salts  when  liquid  ammonia^^ 
instead  of  water  is  used  as  solvent  in  which  to  carry  out  the  necessary 
reactions 

Guanidine 

acN, 

Without  going  into  details  it  will  serve  present  purposes  to  point  out 
that  the  large  majority  of  methods  listed  in  Beilstein's  "Handbuch"  for 
the  preparation  of  guanidine  involve  processes  of  ammonolysis,  ammona- 
tion or  de-ammonation,  while  none  is  in  disagreement  with  the  view  that 
it  is  an  ammono  carbonic  acid. 

The  acid  properties  of  guanidine  are  demonstrated  by  the  following 
described  reactions  which  have  been  carried  out  in  liquid  ammonia  solu- 
tions.** 

Dipotassium  Guanidine^  KACN*. — It  has  been  found  that  potassium 
amide  in  excess  added  to  a  solution  of  guanidine  nitrate**  results  in  the  for- 
mation of  dipotassium  guanidine  which  is  insoluble  and  potassium  ni- 
»  Compounds  which,  dissolved  in  ionizing  solvents  give  a  very  low  hydrogen-ion 
concentration,  are  not  recognizable  as  adds  in  water  solution  because  of  the  rdativdy 
high  degree  of  ionization  of  water  itsdf  into  hydrogen  and  hydroxyl  ions.  In  liquid 
ammonia  the  very  much  lower  degree  of  auto-ionization,  which  characterizes  this  sol- 
vent as  compared  with  water,  permits  the  acid  properties  of  compounds  which  as  adds 
are  much  too  weak  to  be  recognized  as  such  in  aqueous  solutions  to  show  themselves. 
**  For  descriptions  of  methods  of  manipulating  liquid  ammonia  solutions,  cf . 
This  Journal,  27,  831  (1905);  29,  1694  (1907);  35,  1460  (1913);  /.  Phys.  Chem., 
15,  916  (1911);    16,  694  (1912). 

'*  It  is  a  matter  of  very  considerable  difficulty  to  prepare  pure  guanidine,  and  once 
obtained  it  is  so  very  hygroscopic  that  the  exclusion  of  water  and  carbon  dioxide  from  its 
liquid  ammonia  solution  would  be  a  tedious  undertaking.  It  was  therefore  dedded 
to  make  use  of  guanidine  nitrate  which  is  easily  obtained  in  a  pure  dry  state.  This 
compound  dissolved  in  liquid  ammonia  may  be  looked  upon  as  a  solution  containing 
a  mixture  of  nitric  acid  and  guanidine. 
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trate  which  is  soluble.  The  reaction  is  represented  by  the  equation, 
HsCN,.HNO,  +  3KNH2  =  K2H,CN5  +  KNO3  +  3NH3.  The  salt  was 
obtained  in  the  form  of  a  non-crystallme  powder  which  was  vigorously 
hydrolyzed  by  the  action  of  water  into  guanidine  and  potassium  hydroxide. 

Prepantioa  L — Half  a  gram  of  giianidine  nitrate  in  solution  in  liquid  anunonia 
added  to  a  solutioa  of  3  equivalents  of  potassium  amide  gave  a  bulky,  amorphous 
precipitate  which  after  standing  for  some  time  becamie  denser  and  then  settled  fairly 
welL  After  the  manner  described  in  an  earlier  paper  the  precipitate  was  washed,  dried 
in  a  vactmm  and  weighed.  Preparatory  to  analysis  the  salt  was  treated  first  with 
water.  Hydrochloric  add  was  then  added  which  gave  an  aqueous  solution  of  guanidine 
hydrochloride  and  potassium  chloride.  The  specimen  dried  in  a  vacuiun  at  20®  weighed 
0.5397  g.  One  half  gave  0.3333  g.  of  potassiiun  sulfate.  An  accident  prevented  the 
determination  of  nitrogen.  0.50  g.  of  guanidine  nitrate  and  0.48  g.  of  potassium  gave 
0 .  54  g.  of  dipotassium  guanidine  and  0 .  42  g.  of  potassium  nitrate.  Calc.  for  KiHiCNs, 
0.55  g.;   for  EINOi,  0.41  g. 

Prepantion  IL — ^With  the  possibility  in  mind  of  obtaining  a  mooopotassium  salt 
a  solution  containing  2  equivalents  of  potassium  amide  was  added  to  a  solution  of  0 .  30 
g.  of  guanidine  nitrate.  No  precipitate  was  formed.  On  concentrating  the  solution  a 
crop  of  mixed  crystals  of  potassium  nitrate  and,  presumably,  the  monopotassium  salt 
oi  guanidine  separated  from  the  solution.  The  isolation  of  the  monopotassium  salt 
from  the  mixture  appearing  impracticable,  the  reaction  tube  was  opened  and  somewhat 
more  than  4  additional  equivalents  of  metallic  potassium  were  introduced  with  the  ob- 
ject in  view  of  determining  whether  a  salt  could  be  obtained  containing  more  than  two 
atoms  of  potassium  in  the  molecule.  The  solution  of  potassium  amide  formed  by  the 
action  of  ammonia  on  the  potassium  (in  the  presence  of  platinum  black)  was  then  added 
to  the  solution  of  the  monopotassium  salt  with  the  result  that  a  white  amorphous 
precipitate  was  formed.  The  precipitate  was  washed  and  prepared  for  analysis  in  the 
usual  way.  The  preparation  dried  in  a  vacuum  at  20®  weighed  0.3538  g.  One  half 
gave  0.2155  g.  of  KsSOi;   the  other  half  gave  0.0580  g.  of  N. 

It  is  to  be  noted  that  in  the  presence  of  a  large  excess  of  potassium  amide  only  two 
of  the  add  hydrogen  atoms  were  replaced. 

Preparation  in. — In  a  third  experiment  the  potassium  amide  from  0.38  g.  of  po- 
tassium, and  0 .  30  g.  of  guanidine  nitrate  were  used.  The  preparation  dried  in  a  vacuum 
at  20**  weighed  0.3250  g.    One  half  gave  0.2082  g.  of  KsSOi. 

Analysis.  Calc.  for  K^H,CN,;  K,  57.7;  N,  31.0.  Found:  K.  (I)  65.3,  (II) 
54.7.   (HI)  57.5;  N,  (II)  32.8. 

MonosUv^er  Guanidine,  AgH4CNt. — This  salt  was  obtained  by  the 
action  of  guanidine  nitrate  on  silver  amide  in  accordance  vrith  the  equation 
HiCN,.HNQ,  +  2AgNHt  ==  AgH4GNB  +  AgNO,  +  2NH3.  The  salt 
is  insoluble  in  liquid  ammonia.     It  was  not  obtained  in  crystalline  form. 

Preparation  I. — ^The  silver  amide  obtained  from  0.50  g.  of  silver  nitrate  was  trans- 
ferred in  suspenaon  to  a  solution  containing  0. 179  g.  of  guanidine  nitrate,  a  quantity 
sfi^tly  in  excess  of  the  amount  required  for  the  formation  of  a  monosilver  salt.  The 
first  portions  of  the  silver  amide  dissolved  in  the  guanidine  nitrate  solution,*  the  later 
portions  failed  to  dissolve,  nor  could  any  marked  change  in  the  appearance  of  the  in- 
soluble residue  be  observed.  The  mixttu-e  was  allowed  to  stand  for  36  hours  with 
occasional  shaking  with  the  object  in  view  of  transforming  the  insoluble  silver  amide 

»  The  solution  of  the  first  portions  of  the  silver  amide  is  the  result  of  the  action 
of  nitric  add  on  silver  amide  to  form  silver  nitrate  which  is  soluble. 
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as  completely  as  possible  into  the  guanidine  salt.  Digestion  was  followed  by  a  thorough 
washing  of  the  precipitate.  From  the  washings  0 .  245  g.  of  silver  nitrate  was  recovered 
(calc.  0.250).  The  salt  dried  at  20°  in  a  vacuum,  was  prepared  for  analysis  by 
treatment,  first  with  water,  then  with  dil.  sulfuric  acid.  The  specimen  weighed 
0.3106  g.  One  half  gave  0.1334  g.  of  AgCl.  The  other  half  gave  0.0322  g.  of  N. 
Calc.  for  AgHiCNa:  Ag,  65.1;  N.  25.4.  Found:  Ag,  64.8;  N,  20.7.  The  low  result 
for  nitrogen  is  probably  due  to  incomplete  recovery  of  nitrogen  by  the  Kjeldahl  process. 

Triphenylguanidine 
Accepting  guanidine  as  an  ammono  carbonic  acid,  then  the  readily  ac- 
cessible triphenylguanidine  is  an  ammono  ester;  and  since  the  ammono- 
ester  contains  amide  hydrogen  it  is  an  acid  ester  and  should  react  with 
metallic  amides  to  form  salts.  Moreover,  in  view  of  the  fact  that  typically 
organic  compounds  are  in  a  general  way  readily  soluble  in  liquid  ammonia, 
it  was  anticipated  that  the  alkali  metal  salts  of  triphenylguanidine  would 
be  found  to  be  sufficiently  soluble  to  permit  their  crystallization  from 
liquid   ammonia. 

Dipotassium  Triphenylguanidine,  Ks(CoH6)sCNs. — A  well  crystallized 
specimen  of  this  salt  has  been  prepared  by  the  action  of  potassitun  amide 
on  triphenylguanidine  in  accordance  with  the  equation,  H2(C6H6)3CN8  + 
2KNH2  =  K2(C«H6)8CN3  +  2NH3. 

Preparation  I. — One  g.  of  triphenylguanidine  in  solution  in  liquid  ammonia  was 
added  to  a  solution  of  potassium  amide  prepared  from  0.50  g.  of  metallic  potassium. 
After  a  short  time  and  without  concentrating  the  solution  beautiful  crystals  began 
to  separate  on  the  walls  and  bottom  of  the  tube.  Without  recrystallization  the  crop 
of  crystals  was  washed  several  times  with  small  quantities  of  the  solvent  and  then  dried 
in  a  vacuum  at  laboratory  temperature.  After  drying  the  product  took  on  the  ap- 
pearance of  a  salt  which  has  undergone  efflorescence.  The  salt  therefore  probably 
separates  from  solution  with  ammonia  of  crystallization.  For  analysis  the  salt  was 
first  hydrolyzed  by  the  introduction  of  a  small  quantity  of  water,  then  dissolved  in 
dilute  alcohol  and  hydrochloric  acid.  The  weight  of  the  specimen  was  0. 2814  g.  One 
half  gave  0.0667  g.  of  KsSOi.    The  other  half  gave  0.0169  g.  of  N. 

Preparation  II. — The  above  described  experiment  was  repeated,  excepting  that 
1 .  00  g.  of  triphenylguanidine  and  the  potassium  amide  from  0 .  31  g.  of  metallic  potassium 
(2.2  equivalents  of  potassium  amide  per  molecule  of  triphenylguanidine)  were  used 
and  the  product  obtained  was  recrystallized.  The  light  yellow,  effloresced,  crystals, 
when  dried  in  a  vacuum  finally  to  100°,  weighed  0.9226  g.  One  half  gave  0.2149  g. 
of  K,S04.  The  other  half  gave  0.0555  g.  of  N.  Calc.  for  (C«H»)8K,CN8:  K,  21.5 
N,  11.6.     Found:    K,  (I)  21.3,  (II)  21.0;    N  (I)  12.0,  (11)  12.0. 

A  third  preparation  was  undertaken  with  the  object  in  view  of  determining  the 
ammonia  of  crystallization.  An  unfortunate  breakage  in  the  apparatus  put  an  end 
to  the  experiment,   which  was  not  repeated. 

Monopotassium  Triphenylguanidine. — One  g.  of  triphenylguanidine 
and  one  equivalent  of  potassium  amide  were  brought  together  in  liquid 
ammonia  solution.  After  the  expenditure  of  much  time  in  fruitless 
attempts  to  crystallize  the  salt  a  crop  of  extremely  soluble  crystals  was 
finally  obtained  which  was  unfortunately  lost  while  being  prepared  for 
analysis.    There  is  little  doubt  of  the  existence  of  a  monopotassium  salt. 
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In  view,  however,  of  the  time-consuming  operations  involved  it  did  not 
seem  worth  while  to  repeat  the  experiment. 

Disoditun  Triphenylguanidine,  Na2(C«H6)8CN3  and  Na2(C«H6)8CN3.- 
SNHj. — Soditmi  amide,  which  is  but  slightly  soluble  in  liquid  ammonia, 
dissolves  readily  in  a  solution  of  triphenylguanidine.  The  disodium  salt 
separates  well  crystallized  from  very  concentrated  cold  solutions.  The 
disodium  salt  has  also  been  prepared  by  the  action  of  metallic  sodium 
on  the  acid  ester  in  accordance  with  the  equation  H2(C6H5)3CN8  + 
2Na  =  Na2(C«H6)3eN8  +  Ha. 

Preparation  I. — ^A  solution  containing  1.00  g.  of  triphenylguanidine  was  poured 
upon  about  1.2  equivalents  of  sodium  amide.  The  ammono  base  dissolved  readily 
in  the  acid,  forming  a  solution  which  on  concentration  at  laboratory  temperature,  and 
even  at  —33°,  is  converted  into  a  viscous  mass.  When,  however,  the  highly  concen- 
trated solution  was  cooled  to  a  temperature  near  the  freezing  point  of  the  solvent  a 
crop  of  very  soluble  crystals  was  obtained.  The  mother  liquor,  in  small  quantity, 
was  drained  from  the  crystal  mass,  and  the  latter  was  then  recrystallized  from  a  small 
quantity  of  solvent.  The  preparation,  dried  at  —33°,  and  blackened  as  a  result  of 
the  inadvertent  entrance  into  the  tube  of  a  small  quantity  of  air,  weighed  0.3300  g. 
One  half  gave  0.0612  g.  of  NasSO*.  The  other  half  gave  0.0298  g.  of  N.  Losses  of 
nitrogen  were  known  to  have  occurred.  Calc.  for  Nai(C«H6)8CN8.3NHi:  Na,  12.0; 
N,22.0.    Found:     Na,  12.0;    N,  18.0. 

Preparation  II. — ^To  a  solution  containing  1.00  g.  of  triphenylguanidine  portions 
of  a  solution  containing  0.24  g.  (3  equivalents)  of  metallic  sodium  were  successively 
added.  The  blue  color  of  the  sodium  solution  was  rapidly  discharged  as  a  result  of 
the  action  of  the  acid  on  the  metal.  After  the  addition  of  approximately  >/s  of 
of  the  metal  solution  the  disappearance  of  the  color  of  further  small  portions  became 
very^  slow.  The  hydrogen  was  not  collected  and  measured.  The  resulting  salt  so- 
lution was  evaporated  to  high  concentratioaand  cooled  to  —78°  when  a  crop  of  crystals 
separated.  The  product  was  drained  of  mother  liquor,  dissolved  in  pure  solvent  and 
recrystallized.  The  specimen  was  dried  at  —33°  in  a  vacuum.  Then,  maintaining  a 
low  pressure  within  the  tube  to  prevent  the  melting  of  the  salt  in  its  ammonia  of  crystal- 
lization, the  temperature  was  gradually  raised  to  70°,  the  ammonia  given  ofif,  collected 
and  determined.  The  amount  was  0.0840  g.  When  dried  the  specimen  weighed 
0.5265  g.  One  half  gave  0.1181  g.  of  NajSO*.  The  other  half  gave  0.0333  g.  of  N. 
Calc.  for  Na,(C«Hft)3CN,:Na,  13.9;  N,  12.7.  Found:  Na,  14.5;  N,  12.7.  Calc. 
for  Na2(C6Ht)iCN« .  3NH, :  3NH,,  13.4.     Found :    13.9. 

Monosilver  Triphenylguanidine,  HAg(C6H6)3CN8  and  HAg(C«H5)3CN3.- 
NH3. — A  monosilver  salt  of  triphenylguanidine  has  been  obtained  by  the 
action  of  a  solution  of  .the  acid  ester  on  silver  amide  as  represented  by  the 
equation,  H2(C6H6)3CN3  +  AgNHg  =  HAg(C6H5)3CN3  +  NH3.  The 
salt  separates  from  solution  with  one  molecule  of  ammonia  of  crystalliza- 
tion which  is  lost  in  a  vacuum  at  20°. 

Preparation  I. — To  1.00  g.  of  silver  nitrate  in  solution  in  liquid  ammonia  potassium 
amide  prepared  from  0.23  g.  of  metallic  potassium  was  gradually  added.  The  pure 
white  precipitate  of  silver  amide  was  thoroughly  washed  and  then  treated  with  a  so- 
lution containing  1 .  13  g.**  of  triphenylguanidine.    A  considerable  quantity  of  the  silver 

*•  It  had  been  intended  to  use  equimolecular  quantities  which  would  have  required 
1.69  g.  of  triphenylguanidine.    The  smaller  quantity  was  used  inadvertently. 
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amide  dissolved  but  the  solution  becoming  supersaturated,  crystals  of  the  salt  began 
to  separate  before  all  the  silver  amide  had  gone  into  solution.  The  saturated  solution 
was  poured  into  the  second  leg  of  the  reaction  tube  and  evaporated  to  small  volume. 
Crystals  of  the  salt  were  deposited.  The  solvent  distilled  into  the  first  leg  of  the  tube 
was  shaken  up  with  the  crude  salt,  the  undissolved  portion  allowed  to  settle,  after  which 
the  supernatant  solution  was  poured  into  the  second  leg  and  evaporated  to  small  volume. 
Additional  pure  salt  was  thus  transferred  to  the  second  leg.  This  operation,  once  more 
repeated,  gave  an  adequate  specimen  for  analysis.  The  dried  salt  was  treated  first 
with  water  and  then  dissolved  in  a  dilute  alcohol  sulfuric  acid  mixture  preparatory  to 
analysis.  Dried  in  a  vacuum  at  20^,  the  preparation  weighed  0 .  5373  g.  One  half  gave 
0.1101  g.  of  AgCl.    The  other  half  gave  0.0290  g.  of  N. 

Preparation  II. — In  this  experiment  the  silver  amide  prepared  from  0.50  g.  of 
silver  nitrate  was  dissolved  in  a  solution  of  0 .90  g.  of  triphenylguanidine  or  about  106% 
of  the  equivalent  quantity.  Soon  after  the  amide  had  dissolved,  beautiftd  crirstals 
began  forming  on  the  walls  and  bottom  of  the  reaction  tube.  The  preparation  was 
not  reoystallized  but  was  simply  washed  several  times  with  pure  solvent.  The  salt 
was  then  dried  in  a  vacuum  at  —33^.  On  warming  to  laboratory  temperature  it  lost 
0.0231  g.  of  ammonia.  Dried  at  20^  the  specimen  weighed  0.5565  g.  One  half  gave 
0. 1069  g.  of  AgCl.    The  other  half  gave  0.0302  g.  of  N. 

Preparation  IIL — 0.50  g.  of  silver  nitrate  and  0.90  g.  of  triphenylguanidine  were 
brought  together  in  liquid  ammonia  solution  in  order  to  determine  whether  a  silver 
salt  might  be  formed  in  accordance  with  the  equation  AgNOi  +  CfHiNC(NHC«Ht)t 
-  CiH|NC(NHCJI»)(NAgCfH»)  +  HNO,.  The  faUure  to  obtain  a  crop  of  crystals 
from  this  solution  was  interpreted  as  showing  that  the  silver  salt  of  triphenylguanidine 
is  soluble  in  a  liquid  ammonia  solution  of  nitric  add.  Neutralization  of  the  acid  (am- 
monium nitrate)  by  addition  of  potassium  amide  was  followed  by  the  immediate  de- 
position of  a  crop  of  crystals.  The  crystals  were  washed  and  dried  as  described  above 
for  analjTsis.  The  salt  was  dried  first  at  —33**.  Heated  at  70®  in  a  vacuum  it  weighed 
0.5529  g.  It  lost  0.0316  g.  of  ammonia  between  -33**  and  70*.  One  half  of  the 
specimen  gave  0.1134  g.  of  AgCl.  The  other  half  gave  0.0292  g.  of  N.  The  fil^te 
from  AgCl  gave  0.0298  g.  of  N.  Calc.  for  HAg(C«H,),CN»:  Ag,  27.6;  N,  10.7. 
Pound:  Ag,  (I)  30.9,  (II)  28.9,  (III)  30.9;  N,  (I)  10.8,  (II)  10.8.  (Ill)  10.6. 
Cak.  for  HAg(CJIi)»CN,.NH,:  NH,,  4.1.  Found:  NH,,  (II)  4.0,  (III)  5.4.  The 
hifl^  silver  content  in  these  preparations  is  probably  due  to  the  presence  of  disilver 
salt. 

Cuprous  Triphenylguanidine,  HCu(C«H5)iCN|. — Monocuprous  tri- 
phenylguanidine is  formed  as  a  brown  insoluble  powder  without  ammonia 
of  crystallization  by  the  action  of  a  solution  of  the  add  ester  on  cuprous 
amide.    The  pure  salt  is  imdoubtedly  colorless. 

Preparation  I. — A  portion  of  cuprous  amide  precipitated  from  a  solution  containing 
1 .00  g.  of  Cu(NOj)i.4NH»*^  was  treated  with  a  solution  containing  1 .  13  g.  of  triphenyl- 
guanidine. The  amide  was  not  dissolved  and  there  was  no  evidence  of  any  action 
excepting  some  change  in  the  appearance  of  the  precipitate.  The  cuprous  amide  was 
left  in  contact  with  the  solution  overnight  after  which  it  was  thoroughly  washed  in  the 
usual  manner.  After  drying  in  a  vacuum  at  20^  the  specimen  weighing  0.7885  g. 
was  dissolved  in  alcohol  hydrochloric  acid  mixture  for  analysis.  One  half  taken  for 
the  determination  of  nitrogen  was -lost.  One  fourth  gave  0.0493  g.  of  CuO.  Another 
fourth  gave  0.0246  g.  of  N.    A  second  portion  of  the  salt  which  had  stood  longer  in 

^  The  action  of  potassium  amide  on  a  solution  of  cupric  nitrate  gives  cuprous 
amide;    cf.  This  Journal,  29,  667  (1907);   43,  1501  (1921). 
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contact  with  the  solution  gave  19.9%  of  Cu.     Calc.  for  HCu(Cai6)sCNs:   Cu,  18.2; 
N,  12.0.    Found:    Cu,  20.0;    N,  12.4. 

The  high  copper  content  may  very  well  be  due  to  the  presence  of  copper  amide 
which  escaped  conversion  into  the  salt. 

.  Bigtumide 

Attempts  have  not  yet  been  made  to  prepare  biguanide  salts  using 
liquid  ammonia  as  a  solvent  principally  because  of  the  prospective  diffi- 
culties in  the  way  of  preparing  a  pure,  dry  specimen  of  the  acid.  It  is 
practically  certain  that  salts  may  be  so  prepared.  The  existence  of  a 
copper  compound  of  the  formula  (C2H6Nb)2Cu.2H20  is  recorded  in  the 
literature. 

Cyanamide 

The  acid  properties  of  cyanamide  are  so  well  established — first  by  the 
recorded  existence  of  a  considerable  number  of  metallic  salts  ;^*  second, 
by  the  work  of  Franklin  and  Staff ord^®  in  preparing  beautifully  crystallized 
specimens  of  the  magnesium  salt  by  the  action  of  a  liquid  ammonia  so- 
lution of  cyanamide  on  metallic  magnesium;  and  third,  by  the  observation 
of  Franklin  and  Kraus'®  to  the  effect  that  liquid  ammonia  solutions  of 
cyanamide  are  fair  conductors  of  electricity — that  it  was  not  considered 
necessary  to  the  present  purpose  to  prepare  fiulher  salts  in  liquid  ammonia 
solution  by  the  action  of  cyanamide  on  ammono  bases.  It  may  be  as- 
sumed as  a  matter  of  course  that  salts  may  be  so  made. 

Every  one  of  the  numerous  methods  collected  in  Beilstein  for  the  for- 
mation of  cyanamide  and  its  salts  is  in  harmony  with  the  view  that  cyanam- 
ide is  a  carbonic  acid  of  the  ammonia  system.  Since  however  a  detailed 
discussion  of  all  the  reactions  involved  would  lead  too  far,  a  limited  number 
which  show  clearly  and  simply  the  strict  analogy  between  cyanamide  and 
its  salts  on  the  one  hand  and  carbonic  acid  and  the  metallic  carbonates 
on  the  other  will  be  briefly  considered. 

The  best  known  reaction  for  the  formation  of  a  salt  of  cyanamide  is 
that  involved  in  the  commercial  preparation  of  calcium  cyanamide. 
When  calcium  carbide  is  heated  in  the  presence  of  nitrogen  nitridation 
takes  place  with  the  result  that  calcium  cyanamide  is  formed  in  accord- 
ance with  the  equation,  CaCa  +  N2  =  CaCNj  +  C,  just  as  similar  treat- 
ment with  oxygen  converts  calcium  carbide  into  aquo  carbonate  of  calcium 
as  represented  by  the  equation  CaC2  +  50  =  CaCOs  +  CO2.  The  analogy 
between  the  two  processes  is  obvious. 

Of  considerable  importance  in  its  bearing  on  the  view  that  cyanamide 
"  Beilstein,  "Handbuch  der  organischen  Chemie.,"  Deutsche  Chemische  Gesell- 
schaft,  4th  Ed.,  HI,  28  (1921). 

"Franklm  and  Stafford,   Am.    Chem.   /.,   28,    105   (1902). 
»  Franklin  and  Kraus,  Tms  Journal,  27,  195  (1905). 
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is  an  ammono  acid  is  the  reaction  represented  by  the  equation,  CaCNj 
+  3H2O  =  CaCOs  +  2NH3,  whereby  ammonia  is  obtained  from  calcium 
cyanamide.  T^is  equation  represents  a  well-known  type  of  reaction, 
namely,  the  hydrolysis  of  an  ammono  acid  to  an  aquo  acid.  For  example, 
the  mixed  aquo  ammono  acetic  acid,  acetamide,  is  easily  hydrolyzed 
to  aquo  acetic  acid  and  ammonia  as  represented  by  the  equation,  CHj- 
CONH2  +  H20  =  CH3COOH  +  NH3.  Moreover,  just  as  aquo  acetic  acid 
may  be  ammonolyzed  to  aquo  ammono  acetic  acid  and  water  as  rep- 
resented by  the  above  equation  read  from  right  to  left,  so  also  has  the 
ammonolysis  of  aquo  carbonate  of  calcium  to  the  ammono  carbonate 
been  accomplished  as  represented  by  the  second  equation  above  read 
from  right  to  left,'^  in  accordance  with  the  specifications  of  a  German 
patent. 

In  the  abstract  of  this  patent  it  is  stated  that  barium  and  lead  carbo- 
nates have  in  this  manner  been  converted  into  the  respective  cyanamide 
salts.  These  results  have  been  confirmed  in  this  laboratory  and  it  has 
also  been  found  that  cyanamide  salts  of  calcium,  sodium,  potassium 
and  lithium  are  formed  when  the  carbonates  of  these  metals  are  heated 
in  a  platinum  crucible  in  an  atmosphere  of  ammonia.  The  formation 
of  cyanamide  in  each  experiment  was  shown  by  dissolving  the  melt  in 
water,  adding  aqua  ammonia  and  obtaining  the  characteristic  yellow  pre- 
cipitate of  disilver  cyanamide  by  the  addition  of  ammoniacal  silver  ni- 
trate. 

This  formation  of  cyanamide  by  the  action  of  ammonia  on  the  alkali 
carbonates  has  apparently  never  been  observed  before  but  such  formation 
was  certainly  to  be  expected  in  view  of  recorded  facts.  Siepermann'^ 
found  that  ammonia  acts  on  hot  potassium  carbonate  in  accordance 
with  the  equation  K2CO3  +  NH3  =  KCNO  +  KOH  +  H2O.  Since 
DrechseP'  observed  the  formation  of  alkali  cyanamide  on  fusing  a  mixture 
of  potassium  cyanate  and  sodium  hydroxide  as  represented  by  the  equation 
2KNC0  +  2K0H  =  K2CN2  +  K2CO3""  +  H2O,  it  necessarily  follows  that 
Siepermann's   reaction    mixture   must   have   contained   cyanamide. 

Siepermann's  equation  represents  the  ammonolysis  of  an  aquo  carbon- 
ate to  an  aquo  ammono  carbonate;  Drechsel's  represents  the  conversion 
of  a  mixed  aquo  ammono  carbonate  into  a  mixture  of  an  aquo  carbonate 
and  an  ammono  carbonate. 

DrechseP*   found   that   calcium   cyanate,    when   heated,    decomposes 

3»  Ger.  pat.  139,456;  Zentr.,  1903,  T.  577. 

« Siepermann,  Ger.  pat.  38,012;   Ber.,  20,   Ref.,   180   (1887). 

"Drechsel,   /.   prakt.   Chem.,    [2]  21,  89   (1880). 

''**  This  reaction  rather  takes  the  course  represented  by  the  equation  3KNC0  -f 
3KOH  =  K2CN2  +  2KjC03  +  NHi,  for  it  has  been  found  in  this  Laboratory  that 
ammonia  is  liberated  during  the  reaction. 

"Drechsel,   J,   prakt.    Chent.,    [2]    16,  206   (1877). 


Digitized  by  LjOOQ IC 


AMMONO  CARBONIC  ACIDS  497 

into  calcium  cyanamide  and  carbon  dioxide .  The  equation  Ca(NC0)2 
=  CaCNj  +  CO2  represents  the  conversion  of  a  mixed  aquo  ammono- 
carbonate  into  an  ammono  carbonate  by  the  elimination  of  carbonic 
anhydride,  a  reaction  which  is  analogous  to  that  which  takes  place  on 
similarly  exposing  potassium  pyrosulfate  to  a  high  temperature. 

The  fusion  of  any  carbonic  acid  or  carbonate  whatever  with  excess  of 
sodium  amide,  the  caustic  soda  of  the  ammonia  system,  results  in  the 
formation  of  the  disodium  salt  of  cyanamide.  This  general  statement 
includes  the  action  pf  sodium  amide  on  carbon  dioxide  and  sodium  carbon- 
ate, the  anhydride  and  sodium  salt,  respectively,  of  aquo  carbonic  acid;  on 
urea,  a  mixed  aquo  ammono  carbonic  acid,  and  on  sodium  cyanate  and 
sodium  carbamate,  salts  of  aquo  ammono  carbonic  acids;  on  thio-urea,  a 
thio  ammono  carbonic  acid  and  on  sodium  thiocyanate,  a  salt  of  a  thio  am- 
mono carbonic  acid  and  on  any  one  of  the  ammono  carbonic  acids  listed 
in  the  scheme  at  the  beginning  of  this  paper. 

Dicyanimide 

(CN)2NH 
Aqueous  solutions  of  dicyanimide*^"  have  been  prepared  by  decomposing 
silver  dicyanimide,  in  suspension  in  water,  by  means  of  hydrogen  sulfide. 
On  evaporation  of  the  strongly  acid  solution  thus  obtained  continuously 
deposited  white,  flocculent  material  of  undetermined  composition.  The 
moderately  concentrated  solution  solidified  to  a  jelly-like  mass  which  dried 
to  an  amorphous  colorless  powder.  Analyses  failed  to  identify  this  powder 
as  a  pure  compotmd. 

Calc.  for  HCiNi:  C,  35.8;   H,  1.5;   N,  62.5.     Found:  C,  30.2  to  32.2;   H.  2.2 
to  3.0,  in  5  different  preparations;    N,  56.1  and  59.3. 

That  the  product  thus  obtained  was  nevertheless  composed  largely 
of  dicyanimide  was  shown  by  the  preparation  of  the  potassium  and  barium 
salts  of  dicyanimide  from  the  crude  acid  in  the  manner  described  below. 

The  impure  acid  dissolves  readily  in  warm  water.  When  such  a  solution 
is  heated  in  a  closed  tube  to  150°  for  a  time,  the  acid  is  completely  hydro- 
lyzed  to  carbon  dioxide  and  ammonia.  On  heating  the  crude  material 
in  a  dry  state  considerable  quantities  of  ammonia  and  other  volatile  prod- 
ucts are  driven  off,  leaving  a  yellow  residue  of  melon. 

Cak.  for  (HCiN,)x:  C.  35.8,  H,  1.5.     Found:   C,  35.7;   H,  1.9. 

Soditun  Dicyanimide,  NaC2N3  and  NaC2N3.H20. — This  ammono 
carbonate  of  sodium  has  been  prepared  by  two  independent  methods, 
first  by  the  action  of  fused  sodium  amide  on  melon,  and  second,  by  heating 
a  mixture  of  sodium  cyanide  and  mercuric  cyanide. 

First  Method. — On  the  assumption  that  the  ammono  carbonic  acids 
may  be  looked  upon  as  carbonic  nitride  ammonated  in  successive  steps 
**•  This  ammono  carbonic  acid  has  not  hitherto  been  prepared. 
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from  hydromelonic  acid,  NHs.3C8N4,  through  to  guanidine,  5NH«.C3N4, 
just  as  in  accordance  with  the  binary  theory  of  Berzelius  the  phosphoric 
adds  are  phosphorus  pentoxide  combined  respectively  with  1,  2  and  3 
molecules  of  water,  it  appeared  reasonable  to  expect  that  the  action  of 
fused  sodium  amide  on  carbonic  nitride  would  result  in  the  formation  of 
the  sodium  salt  of  hydromelonic  acid,  dicyanimide  or  cyanamide,  de- 
pending upon  the  relative  quantities  of  the  two  substances  entering  into 
the  reaction.  Since  carbonic  nitride  is  an  unknown  compound,  melon 
was  used  in  its  stead  in  the  experiments  described  (p.  506). 

Melon  dissolves  readily  in  fused  soditmi  amide.  With  the  latter  in 
excess  disodium  cyanamide  is  formed.  When  the  reaction  is  carried  out 
by  dissolving  an  amount  of  melon  slightly  less  than  that  required  by  the 
equation,  xNaNHj  +  (HCjNi),  =  xNaCjNa  +  xNH,,  a  good  yield  of 
sodium  dicyanimide  has  been  obtained.  Attempts  to  prepare  the  sodium 
salt  of  Liebig's  hydromelonic  acid  by  adding  melon  to  fused  sodium 
amide  in  the  proportion  required  by  the* equation,  6NaNH2  +  BHiCeN* 
=  2Na8C9Nia  +  7NHa  have  given  unsatisfactory  results.  From  the 
aquous  solution  of  such  melts  the  reaction  product  separated  in  a  bulky 
non-crystalline  form  of  variable  sodium  content.  Some  of  the  solutions 
solidified  to  a  gelatinous  mass  on  cooling. 

The  following  described  procedure  has  been  found  to  give  a  satisfactory 
yield  of  pure  sodium  dicyanimide. 

In  a  capacious  gold  crucible  10  g.  of  sodium  amide  and  10  g.  of  melon  are  heated 
together  out  of  contact  with  the  air  (conveniently  in  an  atmosphere  of  ammonia) 
until  the  reaction  mixture  is  completely  fluid'.  Heating  is  continued  until  all  the  melon 
is  dissolved  but  ho  longer,  for  the  reason  that  the  3rield  is  thereby  diminished.  After 
cooling  the  cake  is  placed  in  water  in  which  it  gradually  disintegrates.  The  product 
is  then  transferred  to  a  filter  and  separated  by  suction  into  a  solution  containing  sodium 
cyanamide  and  sodium  cyanide,  and  a  solid  residue  of  crude  sodium  dicyanimide.  The 
latter  is  dissolved  in  hot  water  and  the  solution  thus  formed  set  aside  to  crystallize. 
A  bulky  crop  of  fine  needle-like  crystals  separates  after  a  time.  Further  quantities 
of  the  salt  separate  from  the  mother  liquor  on  the  addition  of  alcohol.  In  one  experiment 
the  salt  separated  from  solution  in  the  form  of  colorless,  granular  crystals. 

The  empirical  composition  of  sodium  dicyanimide  is  established  by 
the  analytical  results  given  herewith. 

I.  Of  a  specimen  of  the  salt  crystallized  once  from  the  crude  product  0.2017 
g.  heated  to  160 •*  lost  0.0327  g.  of  water  and  gave  0.1360  g.  of  NajSO*.  II.  Four 
separate  preparations  were  united  and  recrystallized.  Of  this  specimen  0.2423  g. 
lost  0 .  0402  g.  of  water  at  160*  and  gave  0 .  1607  g.  of  NajS04.  III.  Another  preparation 
purified  by  recrystallization  was  heated  in  a  vacuum  to  the  temperature  at  which  the 
soft  glass  contamer  began  to  collapse.  The  specimen,  which  weighed  0.6002  g.,  lost 
during  this  treatment  0.1008  g.  of  water;  0.2052  g.  of  this  dry  salt  on  combustion 
gave  0.0050  g.  of  HiO  and  0.2042  g.  of  COj.  IV.  A  nitrogen  determination  by^the 
absolute  method  of  Dumas  was  made  on  still  another  preparation;  0.1072  g.  of^the 
hydrated  salt  gave  37.4  cc.  of  N  measured  over  water  at  22*  and  762  mm.  barometric 
pressure  (uncorr.).     Calc.  for  NaCjNa.HjO:    Na,  21.5;    C,  22.4;    N,  39  3;    HiO, 
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16.8.    Pound:  Na,  (I)  21.8,  (II)  21.6;  N,  (IV)  39.3;  H,0.  (I)  16.2.  (II)  16.6,  an) 
16.8.     Calc.  for  NaCiN,:   C,  27.0.    Found:   C,  (III)  27.2;  H.  (Ill)  0.3. 

Second  Method. — ^The  reaction  upon  which  the  second  method  for  the 
preparation  of  sodium  dicyanimide  is  based  is  represented  by  the  scheme 
NaNC  +  C«Ni  — >  NaN(CN)2.  When  sodium  cyanide  is  heated  in 
contact  with  cyanogen  the  former  is  nitridized  to  sodium  dicyanimide 
while  the  latter  undergoes  reduction  probably  to  carbon,  possibly  to 
carbonous  nitride,  although  as  a  matter  of  fact  the  products  of  such  re- 
duction have  not  been  isolated. 

The  due  to  this  method  for  the  preparation  of  sodium  dicyanimide 
goes  back  to  Bannow'*  who,  by  extracting  the  melt  formed  by  heating  a 
mixture  of  potassium  cyanide  and  mercuric  cyanide,  obtained  a  solution 
from  which  ammoniacal  silver  nitrate  precipitated  a  compotmd  of  the 
formula  AgC^Ns.  Bannow  apparently  also  had  the  potassium  salt  of 
dicyanimide  in  his  hands  but  no  analytical  data  appear  in  his  papers  in 
support  of  this  supposition. 

After  several  unsuccessful  attempts  to  isolate  the  potassium  salt,  fol- 
lowing Bannow's  directions,  the  following  procedure  was  found  to  give 
a  satisfactory  yield  of  sodium  dicyanimide. 

Thirty  g.  of  mercuric  cyanide  and  15  g.  of  sodium  cyanide  were  thoroughly  ground 
together  and  the  mixture  thus  formed  was  heated  in  a  glass  retort  until  all  the  mercury 
was  driven  off.  The  residue  was  placed  in  a  deep  porcelain  crucible  and  heated  to 
complete  fusion  out  of  contact  with  the  air.  The  cooled  melt  covered  with  water 
rapidly  disintegrated.  The  solution,  rich  in  sodium  cyanide,  was  separated  from  the 
undissolved  portion  which  latter  was  then  dissolved  in  hot  water.  To  the  filtered  so- 
lution alcohol  was  added  until  turbidity  appeared.  Then  on  standing  a  crop  of  yellow 
crystals  separated,  of  which  0. 1713  g.  dried  at  200^  gave  off  0.0272  g.  of  water  and  on 
treatment  with  sulfuric  acid  yielded  0.1099  g.  of  NajS04.  Calc.  for  NaCiNj.HjO: 
Na,  21.6;    H,0,   16.8.    Found:    Na,  20.9;    H,0,   16.9. 

The  yellow  salt  was  then  heated  to  fusion  in  a  platinum  crucible,  cooled  and  re- 
aystallized.  A  crop  of  well-formed  colorless  crystals  resulted;  0.1331  g.  of  the 
salt  dried  at  200*"  gave  0.1044  g.  of  NasS04.  Calc.  for  NaCsNi:  Na,  26.8.  Found: 
25.6.  0. 1901  g.  of  the  crystallized  salt  lost  0.0320  g.  of  H2O  on  heating  to  200"*  and 
gave  0.1227  g.  of  NatS04.  Calc.  for  NaCiN,.H,0:  Na,  21.6;  H,0,  16.8.  Found: 
Na,  21.0;    HsO,  16.8. 

Sodium  dic3ranimide  is  moderately  soluble  in  cold  water  and  abundantly  soluble 
in  the  hot  solvent.  It  is  also  readily  soluble  in  liquid  ammonia.  It  is  insoluble 
in  alcohol.  At  temperatures  around  160°  it  loses  its  water  of  crystallization.  The 
anhydrous  salt  then  resists  further  change  up  to  the  temperature  at  which  soda  glass 
begins  to  soften.  Heated  to  dull  redness  out  of  contact  with  air  it  is  decomposed  into 
sodium  cyanide,  cyanogen  and  nitrogen.  In  contact  with  air  it  is  converted  into  sodium 
carbonate.  Boiled  with  aqueous  sodium  hydroxide  solution  it  yields  as  final  products 
sodium  carbonate  and  ammonia.  Heated  with  water  alone  in  a  sealed  tube  it  is  con- 
verted into  sodium  carbonate,  carbon  dioxide  and  ammonia. 

MonosodiumTri-dicyanimide,  NaH2(C2Ns)t  and  NaHs(CiNt)s.2HsO.— 
Monomolecular  formulas  for  dicyanimide  and  its  sodium  salt  have  been 

»  Bannow.  Ber.,  4»  263  (1$71);    13,  2201  (1880). 
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used  in  the  preceding  discussion  for  the  simple  reason  that  the  real  molec- 
ular weights  of  these  substances  are  unknown.  It  appears,  however, 
with  the  preparation  of  an  acid  salt  of  the  composition  represented  by  the 
formula  NaH2C6N9  that  the  free  acid  is  a  trimer  of  dicyanimide.  In 
view  of  the  ease  with  which  cyanamide  imdergoes  polymerization  to  di- 
cyanodiamide  and  thence  to  melamine  it  would  not  be  surprising  to  find 
an  even  greater  tendency  to  characterize  the  nearly  related  dicyanimide. 

Preparatioxi  I. — A  solution  of  2  g.  of  NaCjNj.HaO  in  about  10  cc.  of  water  was 
poured  into  an  equal  volume  of  glacial  acetic  acid.  After  standing  for  a  short  time  a 
crop  of  beautiful  crystals  was  obtained.  0. 2752  g.  of  the  salt  dried  in  an  desiccator  lost 
0.0378  g.  of  HsO  at  200°  and  gave  0.0780  g.  of  Na,S04. 

Preparation  II. — In  a  second  experiment  carried  out  in  the  same  manner  excepting 
that  hydrochloric  acid  was  substituted  for  glacial  acetic  acid,  a  crop  of  crystals  was 
obtained,  0 .  1753  g.  of  which  lost  0 .  0235  g.  of  H,0  at  200°  and  gave  0 .  0483  g.  of  Na,S04. 
Calc.  for  NaH2CiN9.2H,0:  Na,  8.9;  2H,0,  13.9.  Found:  Na,  (I)  9.2,  (II)  8,9; 
H2O,  (I)  13.7,  (II)  13.4. 

Other  Metallic  Salts  of  Dicyanimide. — Although  the  acid  properties 
of  dicyanimide  are  presumably  established  with  a  sufficient  degree  of 
certainty  by  the  work  just  described,  it  nevertheless  seemed  worth  while 
to  confirm  this  conclusion  by  the  preparation  of  a  limited  number  of  salts 
of  other  metals. 

Potassium  Dicyanimide,  KCiNi. — A  portion  of  a  solution  of  dicyanimide  prepared 
by  the  action  of  hydrogen  sulfide  on  silver  dicyanimide  was  neutralized  with  potassium 
hydroxide.  On  adding  alcohol  until  a  slight  turbidity  appeared  and  allowing  the 
the  solution  to  stand  for  a  time  a  bulky  crop  of  crystals  of  the  potassium  salt  of  dicy- 
animide was  obtained.    0. 1087  g.  of  the  salt  dried  at  200®  gave  0.0902  g.  of  K,S04. 

In  a  second  experiment  a  portion  of  the  dry  crude  acid  was  dissolved  in  water  and 
neutralized  by  potassium  hydroxide.  By  manipulating  this  solution  as  described 
above  a  crop  of  well-formed  crystals  was  obtained.  0.1235  g.  dried  at  200°  gave 
0 .  1014  g.  of  K,S04.     Calc.  for  KC,N, :  K,  37 . 2.    Found :  (I)  37 . 2,  (II)  36 . 9. 

Silver  Dicyanimide,  AgCsOj. — On  adding  silver  nitrate  to  a  solution  of  sodium 
dicyanimide  the  silver  salt  separates  as  a  pure  white,  very  bulky  precipitate  insoluble 
either  in  aqua  ammonia  or  dil.  nitric  add.  When  dried  the  precipitate  shrinks  to  hard, 
more  or  less  strongly  discolored  masses.  The  composition  of  the  salt  is  shown  by  the 
observations,  first,  that  somewhat  more  than  an  equivalent  quantity  of  silver  nitrate 
added  to  a  solution  of  2  g.  of  sodium  dicyanimide  gave  a  precipitate  which,  after  thorough 
washmg  and  drying,  weighed  3.21  g.  (calc.  3.26  g.),  and  second,  that  0.2106  g.  of  the 
salt  on  ignition  left  0.1297  g.  of  silver.  Calc.  for  AgCjNj:  Ag,  62.0.  Found: 
6L7. 

Magnesium  Dicyanimide,  Mg(CiNi)i  and  Mg(CiNi)t.6HtO.— To  a  solution  con- 
taining 1  g.  of  sodium  dicyanimide,  an  equivalent  amoimt  of  magnesium  sulfate  was 
added.  From  the  concentrated  solution  well-formed  crystals  separated.  0.1085 
g.  of  the  salt  heated  to  160°  lost  0 .  0441  g.  of  H,0  and  gave  0 .  0454  g.  of  MgtPjOr.  Calc. 
for  Mg(CiNi)i.6H,0:    Mg,  9.2;    6H,0,  40.8.     Found:    Mg,  9.1;    HA  40.7. 

Barium  Dicyanimide,  Ba(C2N,)t  and  Ba(CiN,)f.3HiO.— Half  a  g..  of  sodium 
dicyanimide  and  an  equivalent  quantity  of  barium  bromide  were  brought  together  in 
aqueous  solution.  After  a  short  time  the  solution  set  to  a  solid  mass  of  needle-like 
crystals.    Of  the  air-dried  saU  0. 1509  g.  lost  0.0249  g.  of  HtO  at  160**  and  gave  0. 1069 
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g.  ofBaS04.  Calc.  for  Ba(CiN,),.3HtO:  Ba,  42.4;  H,0,  16.7.  Found:  Ba,  41.8; 
H,0,    16.6. 

A  second  specimen  of  the  salt  was  prepared  by  neutralizing  a  solution  of  crude 
dicjranimide,  prepared  in  the  manner  already  described,  with  barium  hydroxide  solution. 
0.1455  g.  of  the  salt  dried  at  160^  gave  0.1228  g.  of  BaS04.  Calc.  for  Ba(CjN,)2: 
Ba,  51.0.    Found:    49.7. 

Cnpric  Dicyanhnide,  Cu(CtNs)2  and  Cu(C2Ns)t.dH80. — Addition  of  cupric  sulfate 
to  a  solution  of  sodium  dic3ranimide  gave  a  dark  green  insoluble  precipitate.  0. 1024 
g.  of  the  salt  dried  at  lOO"*  gave  0.0328  g.  of  CuO.  A  second  portion  weighing  0. 1004 
g.  lost  0.0216  g.  of  HiO  on  heating  to  160®  and  gave  0.0324  g.  of  CuO.  Calc.  for  Cu- 
(C»N,),.3H,0:  Cu,  25.5;  3H,0,  21.6.  Found:  Cu,  (I)  25.6,  (11)25.8;  H,0,  (II) 
21.5. 

Nickel  Dicyanimide,  Ni(CiNi)2.3HiO. — Addition  of  an  equivalent  quantity  of 
nickel  sulfate  to  a  solution  of  0.50  g.  of  sodium  dicyanimide  gave  a  beautiful  green 
uiscduble  precipitate.  0.1084  g.  of  the  vacuum-dried  salt  gave  0.0335  g.  of  NiO;  a 
second  portion  of  0.1500'g.  gave  0.0486  g.  of  NiO.  Calc.  for  Ni(CjN»)i.3H20:  Ni, 
24.0.     Found:    Ni,  24.2,  24.0.     The  salt  could  not  be  satisfactorily  dehydrated  by 


Dicyanodiamide 
H4C2N4 

In  view  of  its  position  in  the  series  of  ammono  carbonic  acids,  cyanamide 
might  be  expected  to  undergo  de-ammonation  to  form  dicyanimide  and 
possibly  even  carbonic  nitride.  As  a  matter  of  fact,  however,  the  reactions 
which  take  place  when  tyanamide  is  heated,  follow  another  course,  namely, 
polymerization  successively  to  dicyanodiamide  and  melamine,  the  latter 
then  losing  ammonia  after  the  manner  already  described.  The  dimeriza- 
tion  of  cyanamide  to  dicyanodiamide  may  be  looked  upon  as  a  process 
analogous  to  the  hydration  of  cyanamide  to  urea  or  its  ammonation  to 
guanidine.  In  the  formation  of  dicyanodiamide  a  second  molecule  of 
cyanamide  functions  as  water  does  in  the  formation  of  urea  and  as  am- 
monia does  in  the  formation  of  guanidine.  Dicyanodiamide  is  a  neutral 
substance  which  does  not  form  salts  in  aqueous  solution  though  indica- 
tions of  its  acid  nature  are  on  record  to  the  extent  that  a  sodium^*  and  a 
silver  salt  are  known.  The  reactions  described  below,  carried  out  in 
liquid  ammonia  as  solvent,  bring  out  clearly  the  acid  properties  of  this 
ammono  carbonic  acid. 

DipotassitmoL  Dicyanodiamide,  K2HJC2N4. — ^This  salt  is  formed  in  ac- 
cordance with  the  equation  H4CJN4  +  2KNH2  =  K2H2C1N4  +  2NHs, 
when  potassium  amide  in  excess  and  dicyanodiamide  are  brought  together 
in  liquid  ammonia  solution.  It  was  obtained  as  a  very  slightly  soluble 
crystalline  product. 

Preparation  I. — In  order  to  replace  as  much  of  the  hydrogen  as  possible  in  the 
tetrabasic  add  a  solution  containing  0.40  g.  of  dicyanodiamide  was  added  to  a  solution 
containing  a  generous  excess  of  potassium  amide.     An  amorphous  precipitate  was  formed 

^  The  sodium  salt  was  obtained  by  bringing  together  sodium  ethylate  and  di- 
cyanodiamide in  absolute  alcohol  solution  (Bamberger,  Ber.,  16,  1461  (1883)). 
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which,  after  standing  over  night  in  contact  with  the  mother  liquor,  changed  to  a  crystal- 
line product.  The  salt  was  washed  sparingly  with  the  object  in  view  of  avoiding 
possible  ammonolysis  of  a  hypothetical  tri-  or  tetrapotassium  salt.  The  salt  was  dried 
at  20"  in  a  vacuum.  The  dry  salt  was  treated  first  with  water,  then  dissolved  in  dil. 
hydrochloric  acid  preparatory  to  analysis.  The  specimen  weighed  0 .  4452  g.  One  half 
gave  0.2430  g.  of  K,S04.  The  other  half  gave  0.0777  g.  of  N.  Calc.  for  KsHiCiNf: 
K,  48.8;    N,  36.0.    Found:    K,  48.8;    N,  35.0. 

^ce  the  dipotassium  salt  of  sharply  definite  compaction  was  obtained  in  the 
presence  of  a  large  excess  of  potassium  amide  it  is  obvious  that  in  liquid  ammonia 
solution  not  more  than  two  atoms  of  hydrogen  are  replaceable  by  metab. 

Monopotassium  Dicyanodiamide,  KHiCsN4. — ^The  monopotassium  salt 
of  dicyanodiamide  is  formed  when  equimolecular  quantities  of  dicyanodi- 
amide  and  potassium  amide  are  brought  together  in  liquid  ammonia  so- 
lution.   The  salt  crystallizes  beautifully  and  is  fairly  soluble. 

Pk*epara,tion  I. — ^To  a  solution  containing  0.40  g.  of  dicy^anodiamide  the  potassium 
amide  from  0.19  g.  of  potassium  (1  equivalent)  was  added.  The  precipitate  which 
formed  on  the  addition  of  each  portion  of  potassium  amide  solution  dissolved  completely 
to  a  clear  colorless  solution.  On  evaporating  the  solution  to  a  fairly  high  concentration 
the  monopotassium  salt  separated  as  a  crop  of  well-formed  crystals.  The  product 
was  drained  of  mother  liquor  and  washed  twice  with  small  quantities  of  pure  solvent. 
Dried  at  20*^  the  specunen  wdghed  0.5107  g.  One  half  gave  0.1810  g.  of  K1SO4. 
The  other  half  gave  0. 1170  g.  of  N.  Calc.  for  KH,C,N4:  K,  32.0;  N,  45.8.  Pound: 
K.  31.8;    N,  46.7. 

Magnesium  Dicyanodiamide,  Mg(HtC9N4)s.2NHt.— The  magnesium 
salt  of  dicyanodiamide  has  been  prepared  by  the  action  of  a  solution  of  the 
acid  on  metallic  magnesium  in  accordance  with  the  equation,  Mg  + 
2H4C,N4  =  Mg{H8C,N4),  +  ft. 

Preparation  I.— A  solution  of  0.60  g.  of  dicyanodiamide  was  poured  upon  0.070  g. 
of  magnesium  metal.  The  metal  was  immediately  attacked  with  the  evolution  of  hy- 
drogen and  was  completely  dissolved  after  the  lapse  of  half  an  hour.  The  solution  was 
poured  from  a  small  quantity  of  white  insoluble  material  and  evaporated  to  a  rather 
high  degree  of  concentration  when  well-formed  crystals  separated.  Once  formed,  the 
crystals  seemed  to  be  practically  insoluble.  The  crop  of  crystals  was  washed,  then 
dried  in  a  vacuum  a^  20^  The  weight  of  the  specimen  was  0.5132  g.  One  half  gave 
0. 1372  g.  of  MgS04.  The  other  half  gave  0. 1600  g.  of  N.  Calc.  for  Mg(HfC,N4),.. 
2NHa:    Mg,   10.8;    N,  62.4.    Found:    Mg,   10.8;    N,  62.5. 

Calcium  Dicyanodiamide,  Ca(HsC«N4)a.NHi  and  Ca(HaCiN4)a.4NH,.— 
This  salt  is  formed  by  the  action  of  a  liquid  ammonia  solution  of  dicyanodi- 
amide on  either  metallic  calcium  or  calcium  amide.  It  separates  from 
very  concentrated  solutions  at  low  temperatures  with  4  molecules  of 
ammonia  of  crystallization,  three  of  which  are  lost  on  heating  to  50®. 

Preparation  I. — ^The  blue  color  of  a  solution  of  metallic  calcium  in  liquid  Mntnoni? 
solution  was  instantly  discharged  when  the  calcium  solution  was  poured  into  one  of 
dicyanodiamide.  The  products  of  the  reaction  were  an  insoluble  white  portion  and  an 
extremely  soluble  salt  which  remained  as  a  viscous  mass  when  the  solvent  was  distilled 
at  laboratory  temperature.  The  specimen  was  lost  by  the  explosion  of  the  reaction  tube. 
Preparation  II.— In  the  presence  of  platinum  black  0.133  g.  of  metallic  calcium 
was  converted  into  calcium  amide  which  is  practically  insoluble  in  liquid  ammonia. 
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On  pouring  a  solution  containing  0.56  g.  of  the  add  upon  the  amide  the  latter  went 
r{^>idly  into  solution  excepting  a  white  insoluble  residue,  the  nature  of  which  was  not 
determined.  The  solution  was  poured  from  this  residue  and  evaporated  at  low  tem- 
perature to  crystallization.  A  bulky  crop  of  oystals  was  obtained.  The  salt,  which  b 
very  soluble,  exhibits  the  phenomenon  of  supersaturation  to  a  surprising  degree.  The 
mother  liquor  in  considerable  quantity  was  drained  from  the  crop  of  crystals  ^diich  were 
then  dried  in  a  vacuum  at  —33^.  The  weight  was  0.4444  g.  After  heating  to  50^ 
the  weight  was  0.3574  g.  One  fifth  gave  0.0396  g.  of  N.  Four  fifths  gave  0. 1764  g. 
of  CaS04.  Calc.  for  Ca(H,C,N4)t.NH,:  Ca,  17.9;  N,  56.4.  Found:  Ca,  18.1, 
N,  66.3.    Calc.   for   Ca(H,CtN4)i.NH,.3NH,:    3NH„  18.6.    Found:    19.6. 

The  high  degree  of  solubility  and  the  bulky  nature  of  this  salt  made  its  separation 
and  proper  dnring  a  matter  of  considerable  difficulty.  The  attempt  was  not  made  to 
obtain  an  ammonia-free  salt. 

Monosihrer  Dicyanodiamide,  AgH8CjN4,  AgH|CjN4.NH8  and  AgHs- 
C«N4.2NH8. — Monosilver  dicyanodiamide  is  formed  by  the  action  of  a 
solution  of  the  acid  on  either  silver  amide  of  silver  oxide.  It  was  obtained 
well-crystallized  with  two  molecules  of  ammonia  It  loses  one  molecule 
of  ammonia  at  40^,  melts  at  about  60°  and  gives  up  all  its  ammonia  at 
a  somewhat  higher  temperature. 

Preparation  I. — Silver  amide  prepared  from  0.42  g.  silver  nitrate  dissolved  rapidly 
and  completely  in  a  solution  containing  0.21  g.  of  dicyanodiamide.  On  evaporating 
the  solution  to  proper  concentration  a  crop  of  crystals  separated  on  the  walls  and  bottom 
of  the  tube.  After  washing  the  crystals  with  several  small  portions  of  pure  solvent 
they  were  dried  in  a  vacuum  at  —33**.  Heated  to  45**  the  specimen  lost  0.0204  g. 
of  ammonia  and  weighed  0.2707  g.  It  gave  0.0938  g.  of  N  and  0. 1768  g.  of  AgCl. 
Calc.  for  AgH,CiN4.2NH,:  Ag,  48.0;  5N,  31.2;  INH,,  7.6.  Found:  Ag,  46.8, 
N,  32.2;    NH,,  7.0. 

Preparation  11. — Silver  amide  from  0.60  g.  of  silver  nitrate  was  dissolved  in  a  so- 
lution containing  0.26  g.  of  the  ammono  carbonic  acid.  On  concentrating  the  solution 
a  crop  of  crystals  was  obtained  which  was  washed  and  dried  in  the  usual  manner. 
Since  the  analysis  of  the  first  preparation  showed  that  not  all  the  ammonia  of  crystal- 
lization was  removed,  the  preparation  was  exposed  to  a  higher  temperature  in  this 
experiment.  At  60^  the  cnrstals  melted  to  a  viscous  frothy  mass  which  lent  itself 
illy  to  complete  de-ammonation.  Dried  at  —33**  in  a  vacuum  the  salt  weighed  0.4213 
g.  After  heating  to  70*  it  weighed  0.3613  g.  and  gave  0.1026  g.  of  N  and  0.2685 
g.  of  AgCl.  Calc.  for  AgH,CiN|.2NHi:  Ag,  48.0;  4N,  24.8;  2NH,,  15.1.  Found: 
Ag,    48.0;     N,    24.4;     NH,,     14.3. 

Preparation  m. — ^A  specimen  of  silver  dicyanodiamide  was  also  made  by  the  action 
of  a  liquid  ammonia  solution  of  0.20  g.  of  dicyanodiamide  on  0.60  g.  of  silver  oxide. 
Since  silver  oxide  was  in  excess  of  the  amount  necessary  for  the  formation  of  the  mono- 
silver  salt,  a  portion  only  of  the  silver  oxide  went  into  solution.  The  solution  was 
transferred  to  the  second  leg  of  the  reaction  tube  and  the  residue  then  extracted  several 
times  with  pure  solvent.  The  crop  of  crystals  obtained  when  dried  at  laboratory 
temperature  weighed  0.1300  g.  and  gave  0.0824  g.  of  AgCl  and  0.0473  g.  of  N.  Calc. 
for  AgHiCaN4.2NH,:    Ag,   48.0;    N,  47.3.     Found:    Ag,  47.7;    N,  36.4. 

Disilver  Dicyanodiamide,  AgiHtCiN4. — The  grayish  residue  from  which  the  above 
preparation  was  extracted  was  in  all  probability  impure  disilver  dicyandiamide,  for 
after  washing  and  drying  it  was  found  to  contain  Ag,  69 . 2 ;  N,  18 . 1 .  Calc.  for  AgsHtN« : 
Ag,  72.6;    N.  18.8. 

Cuprous  Dicyanodiamide,  CUH3C2N4.2NH3. — Cuprous  dicyanodiamide 


Digitized  by  VjOOQIC 


504  EDWARD  C.  FRANKLIN 

is  extremely  soluble  in  liquid  ammonia  and  crystallizes  only  from  very 
concentrated  solutions  at  low  temperatures.  It  separates  in  the  form  of 
colorless  crystals  containing  two  molecules  of  ammonia  of  crystallization 
which  are  incompletely  lost  on  heating.  The  merest  trace  of  air  gaining 
entrance  to  the  preparation  tube  imparts  a  blue  color  to  the  salt. 

Preparation  I.^The  cuprous  amide  obtained  from  1.00  g.  of  Cu(NOi)j.4NHi  was 
treated  with  a  solution  containing  for  each  atom  of  copper  2  molecules  of  the  acid. 
The  amide  dissolved  slowly  giving  a  slightly  blue  solution.  The  color  was  completely 
discharged  by  allowing  the  solution  to  stand  in  contact  with  bits  of  copper  foil  for  a  few 
hours.  The  extremely  soluble  salt  separated  from  the  highly  concentrated  solution 
on  cooling  strongly.  The  crystals  were  merely  drained  from  mother  liquor  for  analysis. 
Adhering  mother  liquor  readily  accounts  for  the  low  content  of  copper  and  the  high 
nitrogen  found  on  analysis.  The  salt  dried  at  20*^  in  a  vacuum  weighed  0.5198  g. 
One  half  gave  0.1092  g.  of  CuO.  The  other  half  gave  0.1237  of  N.  Calc.  for  Cu- 
H,C^4.2NH,:    Cu,  35.2;    N,  46.6.    Found:    Cu.  33.6;    N.  47.6. 

Preparation  II.— Again  the  cuprous  amide  from  1.00  g.  of  Cu(NOi)j.4NH  was 
dissolved  in  a  solution  of  excess  of  dicyanodiamide.  The  blue  color  due  to  the  presence 
of  a  small  amount  of  cupric  salt  was  removed  by  the  reducing  action  of  copper  foil. 
The  crop  of  crystals  obtained  from  the  very  concentrated  cold  solution  was  recrystal- 
lized  for  analysis.  Dried  in  a  vacuum  at  —33**  the  specimen  weighed  0.2458  g.  On 
heating  slightly  above  laboratory  temperature  the  crystallized  salt  fused  to  a  viscous 
liquid  which  changed  to  a  mass  of  froth  as  the  escaping  ammonia  was  pumped  ofif. 
Dried  finally  at  40**  the  specimen  weighed  0.2087  g.  One  half  gave  0.0436  g.  of  N. 
The  other  half  gave  0.0530  g.  of  CuO.  Calc.  for  CuHiCN4.2NHf:  Cu.  35.2;  total 
N,  46.7;    2NH,,  18.8.     Found:    Cu,  34.6;    total  N,  47.9;    NH,,  15.1. 

Melamine 
HeCaNc 

Melamine,  a  trimer  of  cyanamide,  is  a  basic  substance  which  forms 
salts  by  direct  imion  with  acids.  Contrary  to  the  statements'^  frequently 
made  to  the  eflfect  that  melamine  is  a  strong  monacid  base,  it  is,  as  a  matter 
of  fact,  a  very  weak  base.  Its  aqueous  solution  has  no  effect  on  litmus 
or  phenolphthalein  while,  as  observed  by  Liebig,'*  its  salts  all  show  an 
acid  reaction  towards  vegetable  colors. 

The  specimen  of  melamine  used  for  making  the  potassium  salt  de- 
scribed below  was  obtained  in  the  form  of  beautifully  developed  crystals 
by  heating  a  liquid  ammonia  solution  of  dicyanodiamide  at  a  temperature 
of  100°  for  several  hours. 

The  identity  of  the  product  as  melamine  was  established  by  observations  on  its 
solubility  in  water  and  in  liquid  ammonia,  on  its  crystal  form  and  on  its  behavior  on 
heating.  Its  purity  was  shown  by  a  combustion.  0.2070  g.  of  substance  gave  0.0872 
g.  of  HiO  and  0.2169  g.  of  CO2.  Calc.  for  HgCNe:  H,4.7;  C,28.6.  Found:  H,4.7; 
C,  28.6. 

"^  Beilstein  "Handbuch  der  organischen  Chemie,"  Leopold  Voss,  Hamburg  and 
Leipzig,  1,  1443  (1893);  Meyer  and  Jacobson,  "Lehrbuch  d.  organischen  Chemic/' 
Veit  and  Company,  Leipzig,  2nd  Ed.,  1,  2,  1337  (1913). 

«Liebig,i4n».,  10,  19(1834). 
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Melamine  is  moderately  soluble  in  liquid  ammonia  at  laboratory  tem- 
perature. On  cooling  to  —33°  most  of  the  solute  separates  from  solution 
in  the  form  of  beautiful  crystals. 

Tripotassium  Melamine,  KsHsCsNq. — This  salt  has  been  obtained 
in  the  form  of  a  practically  insoluble  microcrystalline  powder  by  the 
action  of  potassium  amide  on  melamine  in  solution  in  liquid  ammonia  in 
accordance  with  the  reaction  represented  by  the  equation,  H^CsNe  + 
3KNH2  =  KaHsCsNe  +  SNHs.  It  is  vigorously  hydrolyzed  into  potassium 
hydroxide  and  melamine  in  the  presence  of  water. 

Preparation  I. — In  one  leg  of  a  reaction  tube  was  contained  1.20  g.  of  melamine 
in  solution  in  liquid  ammonia,  in  the  other  a  solution  of  a  large  excess  of  metallic  po- 
tassium. A  portion  of  the  metal  solution  poured  into  the  solution  of  melamine  lost 
its  blue  color  instantly,  a  behavior  which  shows  the  acid  properties  of  melamine.  The 
reaction  tube  was  then  allowed  to  stand  until  the  metal  in  solution,  in  the  presence  of 
a  trace  of  platinum  black,  was  converted  into  a  solution  of  potassium  amide.  Succes- 
sive additions  of  melamine  to  this  solution  gave  ^  colorless,  bulky  precipitate  which 
changed  rapidly  to  a  microcrystalline  powder.  The  washed  salt  dried  in  a  vacuum 
at  —33®  showed  no  loss  in  weight  on  warming  to  laboratory  temperature.  The  dried 
salt  was  hydrolyzed  by  the  addition  of  water  and  the  hydrolytic  products  resulting  were 
dissolved  in  dil.  hydrochloric  acid  preparatory  to  analysis.  The  preparation  weighed 
0.3897  g.  One  half  gave  0.2120  g.  of  KjS04.  The  other  half  gave  0.0673  g.  of  N. 
Calc.  for  K,H,C,N«:   K,  48.8;   N,  34.9.    Found:   K,  48.8;   N,  34.6. 

Preparation  II. — Tripotassium  melamine  prepared  as  described  above  not  only 
has  the  same  empirical  composition  as  dipotassium  dicyanodiamide  but  it  is  also  very 
slightly  soluble  and  was  obtained  as  a  microcrystalline  product  indistinguishable  in 
appearance  from  the  latter  salt  through  the  walls  of  the  reaction  tube.  Since  there 
thus  appeared  the  possibility  that  melamine  in  the  presence  of  potassium  amide  might 
be  converted  into  dicyanodiamide  or  even  into  cjranamide  (by  fusion  with  sodium  amide, 
it  will  be  recalled,  both  of  these  substances  are  converted  into  sodium  cyanamide)  a 
second  specimen  of  the  tripotassium  salt  of  melamine  was  prepared,  decomposed  by 
the  action  of  water,  the  hydrolytic  product  other  than  potassium  hydroxide  recovered 
and  identified  as  melamine.  The  potassium  hydroxide  solution  was  neutralized  with 
sulfuric  add  and  evaporated  to  dryness.  Ignition  of  the  residue  gave  0.1188  g.  of 
potassium  sulfate.  The  specimen  weighed  0.1108  g.  Calc.  for  KiHjCjNe:  K,  48.8. 
Found:    48  2. 

Monopotassium  Melamine,  KH5C3N«.NH8. — ^This  salt  separates  as 
a  very  slightly  soluble  precipitate  when  potassium  amide  is  added  to  an 
excess  of  melamine  in  liquid  ammonia  solution. 

Preparation  I. — ^To  a  solution  containing  0.30  g.  of  melamine,  a  potassium  amide 
solution  prepared  from  Q.092  g.  of  metallic  potassium  was  gradually  added.  Each 
addition  of  the  amide  gave  a  gelatinous  insoluble  mass  which  rapidly  disintegrated 
and  settled  to  the  bottom  of  the  tube  in  the  form  of  a  fairly  compact  precipitate.  Five 
extractions  of  this  precipitate  carried  out  in  the  manner  which  has  been  described 
elsewhere  gave  a  specimen  of  minute  brilliant  crystals  covering  the  walls  and  bottom 
of  the  reaction  tube.  The  specimen  was  washed,  then  dried  in  a  vacuum  at  20°.  Its 
weight  was  0.0950  g.  For  analysis  the  salt  was  treated  with  water,  then  dissolved 
in  dil.  hydrochloric  acid.  One  half  gave  0.0231  g.  of  KjSO*.  The  other  half  was  in- 
advertently lost. 
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Preparation  II. — The  precipitate  from  which  the  preceding  preparation  was  ex- 
tracted was  washed  in  the  usual  manner  and  prepared  for  analysis  as  described  above. 
From  a  portion  of  the  precipitate  the  melamine  was  recovered  and  identified.  The 
remaining  portion  was  dried  in  a  vacuum  at  20**  and  submitted  to  analysis.  One  half 
of  the  specimen  which  weighed  0. 1553  g.  gave  0.0382  g.  of  S^iSOi,  the  other  half  gave 
0.0417  g.  of  N.  Calc,  for  KH*C,N..NH,:  K,  21.6;  N,  64.1.  Found:  K,  (I)  21.8; 
(II)  22.1;   N.  (II)  53.7. 

The  ease  with  which  these  potassium  salts  have  been  obtained  make 
it  practically  certain  that  melamine  salts  of  other  metals  may  be  pre- 
pared. 

Zimmermann'®  obtained  a  disilver  salt  of  melamine  by  treating  melam- 
ine disilver  nitrate  with  aqua  ammonia. 

Melam  HoCsNu  Melem  HeCeNio 

These  compounds  are  said  to  be  present  in  Liebig's  crude  melam,  the 
residue  remaining  after  heating  ammonium  thiocyanate  at  a  tempera- 
ture around  300®  to  360°  so  Idhg  as  volatile  products  are  given  off.  They 
are  colorless,  amorphous,  insoluble  substances,  the  existence  of  which 
as  chemical  individuals  is  open  to  some  doubt. 

Melon 

(HCtN,)x 
This  name  was  given  by  Liebig  to  the  yellow,  amorphous,  insoluble 
residue  obtained  by  heating  to  redness  the  yellow  precipitate  formed  by 
the  action  of  chlorine  on  a  solution  of  potassium  thiocyanate.  The  com- 
potmd  was  first  observed  by  Berzelius  who  obtained  it  by  heating  merctmc 
thiocyanate.  Formed  in  this  manner  it  is  familiar  as  the  substance  of  the 
so-called  Pharaoh's  serpents.  Melon**^  is  left  behind  as  the  final  de-ammo- 
nation  product  on  heating  any  one  of  the  previously  discussed  ammono- 
carbonic  acids.  It  is  also  formed  by  heating  urea,  ammonium  thiocyanate 
and  a  large  number  of  other  mixed  carbonic  acids.  Heated  with  water 
in  a  sealed  tube  to  200°  for  several  hours  it  is  hydrolyzed  through  a  con- 
siderable number  of  aquo  ammono  carbonic  acids  finally  to  carbon  dioxide 

**  Zimmermann,  Ber.,  7,  287(1874).  (Not  volume  9,  as  given  in  Beilstein.) 
«<»  Although  Laurent  and  Gerhardt  (Ann.  chim.,  [3]  19,  89.(1847))  and  Vodckel 
{Pogg.  Ann.,  62,  104  (1844))  have  apparently  shown  melon  to  have  the  composition 
represented  by  the  formula  HiCeNf,  it  is  nevertheless  a  difficult  matter  to  obtain  the 
compoimd  of  sharply  definite  composition.  Carbon  and  hydrogen  determinations  in 
4  specimens  of  melon  prepared  from  dicyandiamide  and  one  from  ammonium  thio- 
cyanate  gave  results  varying  from  34 .9  to  36 .9%  of  carbon  and  from  1.1  to  2 .0  %  of 
hydrogen.  Nitrogen  determinations  by  the  method  of  Kjeldahl  gave  persistently 
low  results  varying  from  61 .0  to  62 .8%.  One  nitrogen  determination  by  the  absolute 
method  gave  62.8%.  (Calc.  for  H|C»N»:  H,  1 .5;  C,  35.8;  N,  62.7.)  It  is  interesting 
to  note  in  this  connection  that  Liebig  states  in  several  places  {Ann.,  50,  341  and 
354  (1844);  ibid.,  95,  258  (1855))  that  he  was  unable  to  obtain  melon  of  constant 
composition.     Cf.  Voelckel.  Pogg.  Ann.,  58,  161  (1843). 
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and  ammonia.    Melon  is  to  be  looked  upon  as  a  highly  polymerized  form 
of   dicyanimide. 

Cyamelon  or  Hydromelonic  Acid 
H1C9N1, 
Melon  and  the  salts  of  hydromelonic  acid  are  substances  which  were 
at  one  time  of  much  theoretical  importance.  Their  nature  and,  strange 
as  it  may  seem,  even  their  elementary  composition  were  through  years 
the  subject  of  an  acrimonious  controversy  between  Liebig  on  the  one  side 
and  Laurent  and  Gerhardt  on  the  other,*^  the  outcome  of  which,  inso- 
far as  our  present  interest  is  concerned,  was  to  show  that  the  metallic 
melonates  are  the  salts  of  an  acid,  not  kno¥m  in  the  free  state  excepting 
in  solution,  of  the  composition  represented  by  the  formula  given  above. 
It  is  an  acid  of  sufficient  strength  to  form  salts  in  water  solution  and  is  the 
final  known  member  of  the  series  of  ammono  carbonic  acids. 

Carbonic   Nitride 

(CiNOx 
One  might  expect  to  obtain  carbonic  nitride  as  the  final  de-ammonation 
product  of  the  series  of  ammono  carbonic  acids  by  heating  melon,  but  in- 
stead of  losing  ammonia  at  the  high  temperature  required  to  effect  any 
change  at  all  it  imdergoes  complete  decomposition.**  Attempts  have 
been  made  in  this  laboratory  to  prepare  carbonic  nitride  by  heating  mer- 
curic thiocyanate,  with  results  which,  while  far  from  imequivocal,  show 
that  impure  specimens  of  carbonic  nitride  have  passed  through  our  hands. 
Specimens  of  mercuric  thiocyanate  prepared  in  the  usual  manner  were  dried  by 
long:  standing  in  a  vacuum  over  sulfuric  acid,  others  by  heatmg  in  a  vacuum  at  150**. 
The  salt  was  then  decomposed  by  heat  and  the  extremely  bulky  residue  heated  In  quartz 
in  a  vacnium  until  free  from  merctuic  sulfide.  Six  separate  specimens  gave  on  com- 
bustion 2.4,  1.5,  0.6,  0.7,  1.5  and  1.7%  of  hydrogen;  and  40.2,  39.7,  38.4,  — ,  35.9 
and  35.9%  of  carbon  respectively.  Calc.  for  CsN4:  C,  39.1.  Nitrogen  determina- 
tions were  more  consistent.  Four  determinations  on  different  specimens  by  the  method 
of  Dumas  gave  60 . 4, 60 . 7, 58 . 0  and  60 . 6%  of  nitrogen,  while  one  by  the  method  of  Kjel- 
dahl  gave  60.6%.  Calc.  for  C$N4:  N,  60.9.  Further  attempts  will  be  made  to  pre- 
pare the  pure  compound. 

The  Action  of  Fused  Sodium  Amide  on  the  Amnv>no  Carbonic  Acids 

The  ammono  carbonic  acids  constitute  a  series  of  compoimds  the 

members    of   which    are    related    to    each    other    as    are    the    ortho-, 

*^  In  the  older  text-books  and  dictionaries  of  chemistry  melon  and  related  compoimds 
were  given  a  great  deal  of  attention;  cf.  Liebig,  "Trait6  de  Chim.  org.,"  3rd  Ed.  1845, 
Sod^t^  Typographique  Beige  Adolphe  Wahlenet  Cie.,  p.  127;  Gerhardt,  "Traits  de 
Chim.  org./'  Firman  Didat  Fr^res,  Paris,  1853,  vol.  1,  464, 473;  Gmelin- Watts,  "Hand- 
book of  Chemistry,"  The  Cavendish  Society,  London,  1855,  vol.  9,  p.  378.  In  modem 
works  of  the  same  kind  they  are  scarcely  more  than  mentioned. 

^  There  is  entire  disagreement  concerning  the  products  of  this  decomposition. 
Cf.  Liebig,  Ann.,  10,  5  (1834);  Laurent  and  Gerhardt,  Ann.  chim.  phys.,  [3]  19, 
101  (1847);  Voelckel,  Pogg.  Ann.,  61,  376  (1844).    Gmelin-Watts,  Ref.  41,  p.  381. 
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pyro-  and  metaphosphoric  acids  within  the  group  of  phosphoric  acids  or 
the  less  well  defined  individuals  within  the  group  of  silicic  acids.  Accord- 
ingly, sodium  ammono  carbonates  of  greater  or  less  acidity^'  are  formed 
by  the  action  of  fused  soditmi  amide  in  excess  or  in  dearth  upon  any  one 
of  the  ammono  carbonic  acids  just  as  the  relative  proportions  in  which 
sodium  hydroxide  and  any  one  of  the  phosphoric  acids  are  fused  to- 
gether determine  which  of  the  phosphates  will  be  formed. 

Experiment  has  shown  that  disodium  cyanamide  is  formed  when  sodium 
melonate,  melon,  crude  melam,  melamine,**  dicyandiamide,**  sodium 
dicyanimide,  cyanamide  or  guanidine^^  is  dissolved  in  an  excess  of  fused 
sodium  amide  and  inversely  that  disodium  cyanamide  is  converted  into 
sodium  dicyanimide  by  dissolving  melon  in  the  fused  salt.  Attempts  to 
cany  the  process  to  the  formation  of  trisodium  melonate  have  so  far  re- 
sulted in  the  formation  of  gelatinous  products  of  varying  composition. 

In  successive  experiments  small  amomits  of  each  of  the  above  named  substances 
excepting  that  guanidine  nitrate  and  guanidine  carbonate  were  used  instead  of  guani- 
dine  itself,  were  added  to  approximately  1  g.  of  sodiimi  amide  maintained  in  a  state 
of  fusion  in  an  atmosphere  of  ammonia.  Each  substance  was  observed  to  dissolve 
readily  with  effervescence  due  to  the  escape  of  ammonia,  one  of  the 'products  of  the  re- 
action. Each  cooled  melt,  together  with  the  silver  boat  in  which  the  reaction  was 
carried  out,  was  dropped  into  a  beaker  of  water.  To  (he  solution  formed,  strongly 
alkaline  from  the  presence  of  sodiimi  hydroxide  and  ammonia  resulting  from  the  hy- 
drolysis of  excess  of  sodium  amide,  ammoniacal  silver  nitrate  was  added  with  the  re- 
sult that  in  each  case  an  abundant  precipitate  of  disilver  cyanamide  was  formed.  The 
precipitates  were  identified  as  disilver  cyanamide  by  their  characteristic  yellow  color 
confirmed  in  one  instance  by  noting  the  ready  solubility  of  the  yellow  substance  in  dil. 
nitric  teid  and  by  a  determination  of  its  silver  content. 

Hydrolysis  of  the  Ammono  Carbonic  Acids 

The  hydrolysis  of  calcium  cyanamide  to  calcium  carbonate  and  the  in- 
verse reaction,  namely,  the  ammonolysis  of  calcium  carbonate  to  calcium 
cyanamide  have  been  discussed  above.  There  remains  to  be  given  here 
the  results  of  experiments  which  show  that  all  the  ammono  carbonic 
acids  tmdergo  hydrolysis  to  carbon  dioxide  and  ammonia  when  heated 
in  the.  presence  of  water.*' 

Guanidine  carbonate,  dicyanodiamide,  melamine,  melon  and  crude  dicyanimide  in 
half  gram  portions  together  with  5  cc.  of  water  were  sealed  in  5  respective  glass  tubes 

^  Acidity  is  here  used  in  the  sense  in  which  the  mineralogist  uses  the  term  in  de- 
scribing his  silicates. 

*^  Of  course  in  the  case  of  these  two  compounds  the  reaction  is  merely  one  of  de- 
polymerization. 

^  It  is  interesting  to  note  that  excess  of  sodium  amide  does  not  form  a  guanidine 
salt.  The  analogous  situation  in  the  case  of  the  phosphates  is  that  excess  of  sodium 
hydroxide  does  not  form  a  salt  of  the  composition  Na»POc. 

«*Cf.  Emich,  Manatsh.,  9,  378  (1888). 
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and  heated  to  a  temperature  of  200°  for  a  day.  On  cooling  and  examining  the  con- 
tents of  the  tubes  each  substance  was  found  to  have  been  hydrolyzed  completely  into 
carbon  dioxide  and  ammonia. 

.  Summary 

«  As  is  shown  in  the  scheme  at  the  begixming  of  this  paper,  guanidine, 
biguanide,  cyanamide,  dicyanimide,  dicyanodiamide,  melamine,  melam, 
melem,  melon  and  hydromelonic  acid  constitute  a  group  of  compounds 
which  may  be  looked  upon  as  ammono  carbonic  acids.  That  is  to  say, 
they  are  compotmds  related  to  ammonia  as  ordinary  carbonic  acid  is  related 
to  water  or  in  other  words,  they  are  carbonic  acids  in  which  nitrogen 
ftmctions  as  oxygen  does  in  ordinary  carbonic  acid. 

It  is  pointed  out  that  not  only  formally  may  these  substances  be  looked 
upon  as  constituting  a  series  of  products  resulting  from  the  successive 
de-ammonation  of  an  hypothetical  ammono  ortho  carbonic  acid  of  the 
formula  C(NH2)4,  but  that  also  by  processes  of  de-ammonation  one  may 
pass  from  guanidine  to  melon  and  inversely  by  processes  of  ammonation 
return  to  the  first  member  of  the  group. 

la  face  of  the  facts  that  guanidine  and  melamine  are  alkaline  and  di- 
cyanodiamide  is  neutral  in  aqueous  solution,  it  has  been  shown  that  these 
substances  behave  as  acids  when  in  solution  in  liquid  ammonia.  Guanidine 
for  example,  has  been  fotmd  to  react  with  potassium  amide,  the  caustic 
potash  of  the  ammonia  system,  in  accordance  with  the  equation,  HbCNs 
+  2KNH2  =  KjHaCNj  +  2NHa  to  form  a  dipotassium  salt. 

It  has  been  shown  that  the  reaction  whereby  atmospheric  nitrogen  is 
fixed  in  the  cyanamide  process  is  to  be  looked  upon  as  the  nitridation  of 
calcium  carbide  to  a  calcium  ammono  carbonate  and  that  the  production 
of  ammonia  by  the  action  of  steam  on  calcium  cyanamide  consists  in  the 
hydrolysis  of  calcium  ammono  carbonate  to  calcium  aquo  carbonate. 

Dicyanimide,  a  hitherto  imknown  member  of  the  group  of  ammono 
carbonic  acids,  has  been  prepared  together  with  a  considerable  number 
of  its  metallic  salts.  Attempts  to  prepare  carbonic  nitride,  the  theoretical 
final  de-ammonation  product  of  the  series  of  ammono  carbonic  acids,  are 
described. 

Stanporo   Univbrsity,   California 
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Since  our  first  paper^*Venkataramaiah  reported*  the  independent  dis- 
covery of  the  active  form  of  hydrogen,  distinguished  by  its  ability  to 
reduce  potassium  permanganate  solution  rapidly  at  room  temperattu-e. 
He  produced  it  first  in  the  alternating  current  corona,  but  made  the  inter- 
esting observation  that  it  is  produced  in  measurable  quantities  when  oxygen 
is  exploded  in  an  excess  of  hydrogen.  Since  all  other  methods  of  its  prepa- 
ration, including  those  reported  below,  are  dependent  on  prolonged  and 
intense  ionization  of  the  hydrogen,  this  preparation  by  explosion  is  of 
importance  in  determining  the  mechanism  of  its  formation. 

New  Methods  of  Preparation 

Siemens  Ozonizer. — In  view  of  the  ready  formation  of  the  new  gas  by 
means  of  the  electrical  discharge  at  10,000  to  20,000  volts  and  a  current,  of 
4  to  25  milli-amperes,  both  at  atmospheric  pressure  and  at  a  pressure  of  4  to 
'8  cm.  of  mercury,  there  is  little  new  in  its  successful  preparation  in  the  usual 
quantities  of  about  0.01%  by  means  of  the  ordinary  Siemens  glass  tube 
ozonizer,  with  external  tin-foil  electrodes.  This  method  is  simple  and 
reliable.  It  is  particularly  effective  at  the  temperature  of  boiling  liquid 
ammonia.  This  method  failed,  however,  when  the  ozonizer  was  immersed 
in  liquid  air,  probably  because  of  the  increased  dielectric  strength  of  the 
glass  walls.  When  metallic  electrodes  were  inserted  through  the  walls  of 
the  tube,  the  low  temperature  did  not  prevent  the  activation. 

In  this,  as  in  all  the  work,  the  hydrogen  was  prepared  and  purified  as 
described  in  the  previous  paper.  In  all  cases  the  test  for  activation  was 
the  formation  of  hydrogen  sulfide  in  passage  of  the  gas  over  cold  sulfur. 
In  every  case  blank  tests  were  made  to  show  that  the  hydrogen  itself, 
without  the  ionizing  agent,  did  not  attack  the  sulfur. 

High-frequency  Discharge. — A  iqarked  increase  in  the  frequency  and 
voltage  of  the  electric  discharge  has  no  appreciable  effect  on  the  amount  of 
activation  of  the  hydrogen.  This  was  shown  by  using  the  discharge  from  a 
Tesla  coil  consisting  of  a  primary  of  one  turn  of  heavy  cable  surrotmding  a 
secondary  coil  of  1680  turns  of  No.  28  enameled  copper  wire.  The  voltage 
from  such  a  system  is  well  up  in  the  millions,  and  the  frequency  perhaps 

1  This  Journal,  42, 920  (1920) ;  presented  at  the  Philadelphia  meeting,  American 
Chemical  Society,  September,  1919. 

'  An  oral  communication  to  the  Science  association,  Maharajah's  College,  Viziana- 
gram,  S.  India,  January  29,  1920;  printed  in  the  Proceedings  of  the  Science  Association 
July  10,  1921;  Nature,  106,  46  (1920). 
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half  a  million  cycles  per  second.  The  secondary  of  the  Tesla  coil  was  con- 
nected to  a  large  vSiemens  ozonizer  tube,  and  the  hydrogen  passed  through 
at  velocities  of  25  to  150  cc.  per  minute.  The  activation  was  pronotmced 
and  of  the  same  amotmt  as  in  previous  experiments  with  lower  voltages. 

Thermionic  Emission. — All  ionizing  agents  had  now  proved  to  be 
successful  activators  with  the  single  exception  of  ultra-violet  light,  which 
is  but  slightly  absorbed  in  hydrogen,  and  an  exceedingly  weak  source  of 
ionization.  Even  Schumann  rays,  which  are  probably  absorbed,  showed 
no  activation.  In  order  to  test  a  remaining  source  of  ions,  though  weak, 
hydrogen  was  now  passed  over  a  0.46  mm.'  platinum  wire  maintained 
electrically  at  a  temperatiu^  of  about  800°.  In  spite  of  the  relatively  weak 
electron  stream  from  such  a  wire,  the  hydrogen  was  activated  readily. 

The  wire  was  16  cm.  long,  and  was  welded  at  each  end  to  12  short  lengths 
of  0.38mm.  (No.  28)  platinum  wire,  which  were  then  sealed  through  the 
glass  walls.  This  expedient  was  adopted  in  order  to  allow  the  protracted 
passage  of  a  heavy  current  for  maintaining  the  temperatvu'e  of  the  wire 
without  overheating  the  glass.  The  hydrogen  entered  at  one  end  of  the 
20  cm.  glass  tube  15  mm.  in  diameter,  and  after  passing  over  the  wire  left 
at  the  other  end,  passed  through  a  coil  which  could  be  immersed  in  cold 
water  and  thence  over  the  powdered  sulfur  and  the  lead  acetate  paper  as 
usual.  A  heavy  black  sulfide  test  resulted  in  repeated  runs  of  30  minutes 
with  a  current  of  10  to  12  amperes  through  the  wire,  and  with  a  hydrogen 
flow  of  60  cc.  per  minute. 

The  same  sources  of  the  hydrogen  sulfide  that  needed  to  be  eliminated 
were  present  here  as  in  previous  work,  and  in  addition  the  possibility  of  a 
reaction  by  the  heated  ordinary  hydrogen.  Impiuities  were  eliminated, 
as  before,  by  the  complete  purifying  system  and  a  coil  immersed  in  liquid 
air  preceding  the  exposiu-e  to  the  hot  wire.  Thus  all  possible  impurities 
except  nitrogen  and  the  gases  of  the  helium  group  were  excluded,  and  these 
latter  cannot  give  the  black  sulfide  test.  Ions  were  again  shown  not  to  be 
present  by  passing  the  gas  after  activation  through  a  sensitive  radium 
emanation  electroscope  without  any  indication  of  conductivity.* 

There  remains  the  possibility  that  the  hydrogen  reacts  because  it  re- 
tains a  high  temperattu-e.  At  200°  ordinary  hydrogen  has  an  easily  de- 
tectable action  on  sulfur.  But  a  thermometer  inserted  in  the  side  tube  at 
the  exit  of  the  hydrogen  from  the  hot  wire  tube  showed  a  temperature  of 

»  No.  26  B.  and  S.  gage. 

*  Attention  is  called  to  an  unfortunate  though  non-significant  error  in  the  previous 
paper.  The  sentence  beginning  on  Line  12,  p.  936,  should,  of  course,  read :  "Since  there 
are  2.7  X  lO*'  molecules  in  a  cubic  centimeter,  8X 10"  molecules  occupy  3  X  10~'  cc.  and 
weigh  slightly  more  than  3  X 10 ""  g.,  an  undetectable  quantity."  The  same  figures  apply 
in  this  case,  i.  e.,  even  had  an  easily  measured  number  of  ions  been  present  and  had  they 
been  able  to  react  with  the  sulfur,  which  is  itself  more  than  doubtful,  they  could  have 
accounted  for  less  than  0.001%  of  the  activity  actually  observed. 
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31**,  room  temperature  being  27°.  The  long  coil  of  thin-walled  glass  tu- 
bing which  was  placed  between  the  hot-wire  tube  and  the  sulfur  tube  was 
then  immersed  in  an  ice-water  mixture  at  0**.  It  had  no  effect  whatever 
on  the  action  of  the  hydrogen  on  the  sulfur.  A  thermometer  placed  at  the 
exit  of  this  coil  showed  a  temperature  of  29**.  Although  the  heat  capacity 
of  the  thermometer  was  tmdoubtedly  high,  runs  were  extended  to  as  much 
as  16  hours  with  no  change  in  the  observations,  and  the  time  thus  was  ample 
to  allow  the  thermometer  to 'come  into  thermal  equilibrium  with  the 
hydrogen  in  which  it  was  bathed.  That  the  activity  of  the  hydrogen  was 
due  to  increased  temperatiu^  was,  therefore,  also  excluded,  and  an  active 
form  of  hydrogen  remains  as  the  only  possibility. 

To  determine  what  is  the  activating  agent  in  this  case  is  a  problem  in 
electronics  which  we  cannot  attempt.  There  seem  to  be  three  possibilities : 
the  thermal  dissociation  of  hydrogen  into  atoms,  ionization  by  the  electron 
stream  from  the  wire,  and  disruption  by  positive  ions  from  the  wire. 

The  calculations  of  Langmuir^  show  that  thermal  dissociation  for  a  wire 
at  less  than  1000°  is  certainly  inadequate,  amounting  to  less  than  5.8  X 
10~"%.  This  is  so  small  a  quantity  that  it  could  not  possibly  account  for 
the  observed  activation.  The  second  possibiUty,  namdy,  the  ionization  of 
the  hydrogen  by  negative  electrons,  seems  to  be  excluded  by  the  work  of 
O.  W.  Richardson.*  Not  only  are  few,  if  any,  negative  electrons  emitted 
at  temperatures  of  800-900°,  but  the  energy  of  those  emitted  tmder  the 
conditions  of  our  experiment  must  be  very  low,  since  there  is  no  accelerat- 
ing potential  applied.  The  third  possibility  is  also  unsatisfactory,  but 
seems  at  present  the  most  plausible,  namely,  that  positive  ions  are  emitted 
from  the  wire  and  cause  the  ionization.  Richardson  has  shown  that  at 
low  temperatures  the  emission  of  positive  ions  far  exceeds  that  of  negative 
ions,  and  with  larger  mass  the  energy  of  these  ions  would  perhaps  be 
sufficient  to  produce  ionization.  Richardson  assumes  that  the  positive 
ions  emitted  are  ions  of  the  alkali  metals  present  in  the  platinum  as  im- 
purities. Until  more  evidence  on  ionizing  potentials  and  thermionic 
emission  is  available,  this  activation  by  the  hot  wires  remains  to  be  ex- 
plained. 

Nascent  Hydrogen. — ^According  to  the  theory  suggested  in  the  previous 
paper,  the  triatomic  modification  of  hydrogen  is  formed  by  ionization  be- 
cause the  H2  molecule  is  not  stable  when  one  of  its  electrons  has  been  torn 
off.  Hence  it  splits  into  atoms  which  recombine  to  give  triatomic  mole- 
cules. If  this  suggestion  is  correct,  the  ozone  form  should  be  produced 
whenever  atomic  hydrogen  is  formed,  and  therefore  nascent  hydrogen 

^Langmuir,  Trans.  Am.  EUctrochem.  Soc,^  20,  225  (1911);  This  Jottrnaz,,  34, 
860  (1912);  34, 1310  (1912);  36, 1706  (1914); 37, 417  (1916). 

*  Richaidson,  "The  Emission  of  Electricity  from  Hot  Bodies/'  Longmans,  Green 
and  Comiiany,  1916. 
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should  retain  a  fraction  of  its  activity  after  it  is  evolved  in  the  gaseous  form. 
Such  an  activity  was,  therefore,  sought  by  three  methods,  but  all  results 
were  negative. 

First,  hydrogen  was  produced  by  the  solution  of  zinc  in  hydrochloric 
add,  using  the  zinc  amalgam-platinum  cell  previously  described.  The. 
hydrogen  evolved  was  passed  through  glass  wool  to  remove  spray  and 
thence  over  sulfur  and  lead  acetate.  No  activity  was  detected  even  in 
runs  extending  for  24  hours.  In  this,  as  in  the  subsequent  experiments, 
it  was  difficult  to  obtain  blanks  because  of  the  hydrogen  sulfide  dissolved 
in  the  add.  In  all  cases,  however,  pure  molecular  hydrogen  was  bubbled 
through  the  add  for  many  hours,  tmtil  no  trace  of  sulfide  could  be  de- 
tected.   Then  only  was  the  nascent  hydrogen  produced  and  tested. 

Since  the  active  hydrogen  is  known  to  be  very  imstable,  it  was  possible 
that  this  method  of  generation  was  too  slow.  A  generator  with  heavy 
platinum  dectrodes  sealed  in  was  then  used  for  the  electrolysis  of  potassium 
hydroxide  solution  with  a  current  that  could  be  varied  from  2  to  30  amperes. 
The  tests  were  extended  to  as  long  as  15  hours,  but  in  no  case  was  any 
activity  noted. 

Finally,  pure  sodium  amalgam  was  dropped  into  water,  and  the  resulting 
hydrogen  was  tested  as  before.    Again  there  was  no  activity. 

The  failure  of  these  experiments  does  not  necessarily  exdude  the  mechan- 
ism of  formation  advanced.  We  are  here  between  two  experimental 
difficulties.  The  hydrogen  must  be  evolved  so  rapidly  that  it  reaches  the 
sulfur  within  one  minute,  to  avoid  the  decomposition  of  the  active  form  into 
the  ordinary.  On  the  other  hand,  if  evolution  is  made  rapid,  the  gas  carries 
with  it  large  amotmts  of  spray  which  are  practically  impossible  to  remove 
without  slowing  up  the  stream  of  gas  more  than  can  be  allowed.  The 
one  possible  means  would  be  electrical  predpitation  of  the  droplets,  but 
that  was  excluded  because  the  dectrical  discharge  itself  would  activate  the 
hydrogen.  Hence  the  sulfur  may  well  have  become  coated  with  a  film  of 
moisture  which  prevented  the  access  of  the  active  hydrogen. 

Catalytic  Decomposition 

During  the  cotu'se  of  the  work  it  was  invariably  f otmd  that  the  active 
hydrogen  could  not  be  produced  in  copper  or  brass  tubes  and  that  there  is  a 
peculiar  fatigue  effect  even  when  glass  tubes  are  used.  To  determine  the 
presence  of  catalytic  decomposition  such  as  is  very  common  in  the  case  of 
ozone  itself,  the  hydrogen  was  therefore  activated  in  the  Siemens  glass  tube 
ozonizer,  and  was  passed  through  a  tube  containing  finely  divided  metals. 
No  tests  for  activity  could  be  obtained  when  the  following  metals  were 
used:  platimmi,  nickel,  copper,  lead,  antimony  and  cadmium.  There 
was,  however,  no  destruction  of  the  activity  by  silver,  merciuy,  tin,  bis- 
muth, mol3rbdenum,  zinc  or  aluminum.     The  catal3rtic  decomposition  by 
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copper  therefore  explains  the  failure  of  brass  tubes  to  give  the  active  gas. 
The  fatigue  effect  seems  to  be  due  to  the  formation  of  finely  divided  plati- 
num on  the  walls  of  the  discharge  tubes  by  spluttering  from  the  electrodes 
dtuing  the  passage  of  the  current.  Whenever  the  tubes  showed  fatigue 
they  could  be  restored  to  their  original  activating  power  by  removing  this 
film  of  platinum,  though  all  other  efforts,  such  as  renewing  the  sulfur,  had 
no  effect.  The  fatigue  effect  was  never  observed  when  the  glass  ozonizer 
with  external  electrodes  was  used. 

Contraction  in  Volume 
The  evidence  for  a  triatomic  structure  of  the  active  hydrogen  molecule 
was  summarized  in  the  previous  paper.  It  is  difficult  to  establish  the  con- 
traction which  is  to  be  expected  from  the  activation  by  the  electrical  dis- 
charge if  a  polyatomic  molecule  is  formed,  because  of  the  heat  developed  by 
the  discharge.  The  device  shown  in  Fig.  1,  however,  eliminated  this 
interference  and  gave  conclusive  evidence  of  contraction. 

A  is  the  glass  discharge  tube  with  platinum  electrodes,  operated  by  a  20,000  volt 
Thordarson  wireless  transformer  and  using  currents  of  25  milli-amperes.     It  was  im- 


mersed in  the  Dewar  cylinder,  B,  which  in  the  various  experiments  contained  constant 
temperature  cooling  mixtures.  The  tubes,  C  and  D,  cover  tlie  inlet  and  outlet  tubes  at 
the  points  where  they  enter  the  liquid.  They  were  thoroughly  evacuated  before  sealing 
and  thus  acted  as  insulators  to  guard  against  any  thermal  effects  on  the  gas  within  from 
possible  variation  in  the  level  of  the  cooling  liquid  in  the  Dewar  cylinder.  E  is  a  mercury 
manometer  the  upper  part  of  which  is  sloped,  rising  1  cm.  vertically  for  20  cm.  of  length, 
in  order  to  increase  its  sensitiveness.     The  2  stopcocks  were  sealed  with  mercury.     The 
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mercury  level  was  raised  above  the  stopcock,  P,  by  raising  the  leveling  bulb  before  the 
cock  was  closed,  in  order  to  prevent  the  possibility  of  leakage  through  the  cock.  When 
the  tube  was  filled  with  hydrogen  at  3cm.  pressure  and  sealed,  there  was  first  an  increase 
in  pressure  due  to  heating.  Equilibrium  was  soon  established,  however,  and  a  decrease 
in  pressure  became  evident  in  all  cases.  On  shutting  off  the  current  there  was  first  a 
rapid,  then  a  slower  increase  in  pressure,  until  the  original  pressure  was  restored.  The 
restoration  of  the  original  pressure  proves  the  absence  of  impurities  such  as  oxygen  or 
nitrogen  which  might  have  reacted,  and  shows  also  the  instability  of  the  active  gas. 
Data  for  typical  contractions  follow. 

At  0®,  under  ice- water  mixture:  maximum  pressure  at  start  of  contraction,  30.00 
mm;  successive  pressures  at  intervals  of  10  seconds,  29.6,  2^2,  28.8,  28.65,  28.30;  total 
contraction  in  50  seconds,    1.70  mm. 

At  —  38^  under  liquid  ammonia:  maximum  pressure,  30.00  mm.;  successive  pres- 
sures at  intervals  of  3  seconds,  29.85,  29.70,  29.55,  29.40,  29.25,  29.05,  28.90;  total  con- 
traction in  2)  seconds,  1.10  mm. 

At  —85°,  under  carbon  dioxide  snow  suspended  in  acetone:  maximum  pressure, 
30.00  mm.;  successive  pressures  at  intervals  of  5  seconds,  29.60,  29.30,  29.10,  28.95; 
total  contraction  in  20  seconds,  10.5  mm. 

At  — 180®,  under  liquid  oxygen:  maximum  pressure  24.0  mm. ;  successive  pressures 
at  intervals  of  5  seconds,  23.70,  22.85,  22.25,  20.65,  20.10,  19.20,  17.45,  15.80;  total 
contraction  in  40  seconds,  8.20  mm. 

Total  contraction  reduced  to  40  seconds:  at  0°,  1.4  mm.;  at  —38®,  2.10  mm.; 
at  -85°,  2.10  mm.;  at  - 180®.  8.20  mm. 

The  amount  of  contraction  indicated  that  much  larger  amounts  of  the 
active  gas  were  formed  than  had  been  revealed  by  the  dynamic  methods 
in  which  a  stream  of  the  gas  was  passed  over  sulfur,  amotmting  in  some 
cases  to  more  than  5%.  In  the  chemical  tests  a  large  fraction  of  the  active 
gas  is  evidently  decomposed  before  it  has  opportunity  to  react  with  sulfur. 
The  data  are  not  sufficiently  accurate  to  allow  a  reliable  calculation  of  the 
percentage  of  triatpmic  hydrogen  present,  nor  was  equilibrium  reached  in 
any  case.  The  method  can,  perhaps,  be  extended  to  such  measurements. 
It  is  noteworthy,  too,  that  the  contraction  increases  with  a  decrease  in 
temperature,  as  would  be  expected  for  polymerization.  The  figures  for 
—  180°  refer  to  the  temperature  of  liquid  oxygen,  this  being  used  in  place 
of  liquid  air  because  of  the  much  greater  constancy  of  its  boiling  point; 
it  was  of  course  essential  that  the  temperature  of  the  tube  should  not  change 
during  the  test.  The  very  large  contraction  in  this  case,  amotmting  to 
more  than  one-third  the  entire  volume,  indicates  a  condensation  of  liquid 
"hyzone,"  as  is  described  in  the  next  section. 

The  possible  extraneous  effects  which  might  invalidate  the  observed 
contraction,  such  as  leaks,  heating  of  the  surrounding  liquid,  insufficient 
cooling,  and  a  decrease  in  level  of  the  cooling  liquid,  all  would  tend  to  in- 
crease the  pressiu*e  and  are  thus  inoperative  for  such  an  inexact  deter- 
mination of  the  contraction  as  this.  The  one  exception  is  the  possibility 
that  hydrogen  enters  the  platinum  electrodes  under  the  influence  of 
the  discharge.  This  is  practically  excluded  by  the  exact  return  to  the 
original  volume.    Conclusive  evidence  that  such  an  effect  was  not  inter- 
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fering  was  obtained  by  repeating  the  experiment  in  every  detail,  with  the 
same  tube  and  electrodes,  but  substituting  pure  helium  for  ptu^  hydrogen. 
Helium  has  been  shown^  to  be  easily  absorbed  by  the  electrodes;  indeed 
in  spectroscopic  work  especial  precautions  must  be  taken  to  avoid  this 
effect.  In  spite  of  this,  however,  helium  showed  absolutely  no  contraction 
in  this  test.  The  pressure  in  the  tube  remained  at  24.5  mm.  with  perfect 
constancy  for  several  tests,  each  extending  for  as  long  as  2  minutes.  The 
actual  contraction  of  the  hydrogen  by  polymerization  is  therefore  es- 
tablished. « 

Condensation  by  Liquid  Air 
It  will  be  noted  that  the  above  data  confirm  previous  observations 
that  the  active  hydrogen  is  condensed  by  liquid  air,  for  the  contractions 
in  the  last  column  amount  to  more  than  V«  of  the  entire  volume  present. 
To  establish  this  definitely,  hydrogi^n  was  now  activated  in  the  Siemens 
tube  ozonizer  immersed  in  liquid  ammonia,  which  gives  the  greatest 
activation  we  have  been  able  to  obtain,  and  passed  through  a  long  coil  im- 
mersed in  the  same  4  cooling  liquids  used  above.  The  first  3  allowed  the 
active  gas  to  pass  through  unimpaired,  but  when  liquid  air  was  used,  no 
trace  of  activity  could  be  detected.  On  removal  of  the  liquid  air  cylinder, 
however,  there  was  an  immediate  and  rapid  evolution  of  the  "hyzone," 
if  so  it  may  be  called.  The  test  paper  was  blackened  within  a  few  seconds. 
This  therefore  establishes  definitely  the  condensation  of  this  gas  at  a 
temperature  of  —180**.  There  had  previously  been  some  question  as 
to  whether  its  reipoval  at  that  temperature  was  due  to  rapid  decomposition 
by  adsorption  on  the  walls  at  the  low  temperature,  but  there  is  now  no 
doubt  that  the  hyzone  has  a  true  boiling  point  above  that  of  liquid  air. 
It  was  not  possible,  however,  to  coUect  sufficient  quantities  of  the  Uquid 
to  render  it  visible  as  such. 

Spectral  Evidence 
The  theoretical  importance  of  the  spectrum  of  hydrogen  has  led  to 
many  investigations  of  it.  In  almost  all  these,  light  emission  was  produced 
by  electrical  exdtation.  Hence  in  those  cases  the  ozone  form  must  always 
have  been  present.  To  select  the  lines  due  to  triatomic  hydrogen,  we 
therefore  planned  to  measure  its  absorption  spectrum  by  means  of  a  brass 
tube  6  meters  long  and  10  cm.  in  diameter  through  the  axis  of  which 
passed  a  platinum  wire  attached  to  the  high  voltage  transformer.  At 
each  end  was  a  heavy  plate  glass  mirror,  one  of  which  was  fitted  with  2 
quartz  lens  windows.  Light  from  an  uncovered  Nemst  glower  was  re- 
flected into  the  tube  through  one  window,  thence  back  and  forth  through 
the  length  of  the  tube  three  times  and  out  of  the  other  window  into  the  sUt 
of  a  Hilger  quartz  spectrograph.  Hydrogen  was  passed  continuously 
7  Soddy  and  Mackenzie,  Proc,  Roy.  Soc.  (London),  80»  92  (1807). 
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through  the  tube  at  a  rapid  rate.  The  high  potential  discharge  was  turned 
on  for  a  minute,  and  then  cut  off  while  the  light  from  the  glower  passed 
through  the  tube.  These  alternations  were  repeated  for  many  minutes. 
In  no  case  was  any  absorption  noted.  This  may  have  been  due  to  the 
catal3rtic  decomposition  of  the  h3rzone  by  the  brass  walls  of  the  tube, 
though  no  better  results  were  obtained  when  the  inner  wall  was  coated 
with  graphite. 

In  another  connection,  however,  spectral  evidence  was  obtained.  Dur- 
ing the  experiments  on  the  contraction  in  volume  at  liquid-air  temperatures, 
the  color  of  the  discharge  went  through  interesting  changes.  Beginning 
with  the  usual  lavender  color,  an  intensification  of  the  red  first  appeared. 
For  a  half-minute  the  color  was  brick  red,  then  shifted  rapidly  through 
orange  to  yellow,  and  remained  finally  at  a  bright,  greenish  yellow,  prac- 
tically straw-color.  Examination  with  a  visual  spectroscope  showed 
the  few  series  lines  of  hydrogen  stUl  present,  though  much  weakened,  and  a 
brilliant  display  of  the  secondary  line  spectrum.  This  effect  of  Uquid  air 
has  been  observed  by  Lemon,*  though  his  secondary  spectrum  extended 
from  the  red  Ha  line  only  about  half-way  to  the  green  line.  We  ob- 
served the  lines,  appearing  much  like  fluted  bands,  well  into  the  green. 
This  may  have  been  due  to  our  use  of  much  heavier  currents,  up  to 
25  milli-amperes.  The  intensification  of  the  secondary  line  spectrum 
is  usually  attributed  to  polymerization,  such  as  the  formation  of  hyzone 
in  this  case.  The  fact  that,  though  the  hydrogen  is  well  cooled  before  the 
discharge  passes,  the  appearance  of  the  secondary  spectrum  is  a  slow  and 
progressive  process,  is  in  accord  with  the  assumption  that  the  heavier 
molecules  are  concerned  and  do  not  show  their  effect  imtil  the  current  has 
had  time  to  produce  them.  If  the  current  is  shut  off  for  a  few  minutes,  the 
color  on  exciting  the  gas  once  more  is  yellow  at  once,  as  would  be  expected 
from  the  condensation  of  the  hyzone  at  this  temperature.  Lemon's 
experimental  apparatus  was  not  so  moimted  that  he  could  observe  the 
growth  of  color  visually. 

Mechanism  of  Formation 

Nothing  has  occurred  since  the  publication  of  the  previous  paper  to  in- 
validate the  explanation  of  the  mechanism  of  formation  of  h3rzone  there 
suggested,  with  the  exception  of  the  f ailtu^  to  show  a  transitory  active 
state  in  hydrogen  collected  from  electrolysis  or  the  solution  of  metals. 
This  failure,  however,  is  inconclusive  in  this  regard. 

A.  L.  Hughes,*  however,  has  studied  the  clean-up  of  hydrogen  at  pres- 
sures of  10"'  mm.  by  electrons  projected  from  a  hot  filament  under  voltages 
of  above  13  volts  and  finds,  as  Langmuir^^  did,  that  the  greater  part  of  the 

•  Lemon,  Astrophys,  J,,  35, 10^-124  (1912). 

•  Hughes,  Phil.  Mag.,  41,  778  (1921). 

^  Langmuir,  Tms  Journai;,  37,  451  (1915). 
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hydrogen  ceases  to  exert  pressure,  being  condensed  on  the  glass  walls  which 
are  immersed  in  liquid  air.  On  removing  the  liquid  air,  the  gas  is  regen- 
erated, and  thereafter  only  a  part  of  it  can  be  recondensed.  This  he  attrib- 
utes to  a  formation  of  atomic  hydrogen  by  the  electron  collisions  and  a 
condensation  of  the  atoms  on  the  glass  walls.  When  the  temperature  is 
raised,  the  atoms  combine  to  form  molecules,  and  only  those  remaining 
in  the  atomic  form  are  recondensed.  Thus  ionization  by  electrons,  at 
least  by  those  with  energies  above  13  volts,  is  accompanied  by  atomization, 
as  had  been  suggested  by  Franck,  Knipping  and  ICruger"  and  as  we  as- 
sumed in  the  previous  paper.  While  the  condensation  observed  by  Lang- 
muir  and  by  Hughes  may  at  the  low  presstu-es  used  have  been  chiefly  that  of 
atomic  hydrogen,  at  the  higher  pressiu-es  used  in  our  experiments,  where  the 
mean  free  path  of  a  molecule  is  much  less  than  the  diameter  of  the  tube,  the 
formation  of  hyzone  is  more  probable,  and  even  in  the  former  work  may 
have  exerted  a  greater  influence  than  was  suspected.  In  any  case,  atomi- 
zation accompanies  ionization  and  ftunishes  the  most  probable  explanation 
of  the  formation  of  the  active  modification  of  hydrogen.  Atomization  may 
be  assumed  also  in  Venkataramaiah's  explosion  method  for  the  preparation 
of  this  gas. 

The  Molecular  Formula 

All  the  evidence  now  presented  favors  the  view  that  this  new  gas  has  a 
larger  molecule  than  H2,  including  its  reactivity,  its  relative  stability  at 
atmospheric  pressure,  its  condensation  by  liquid  air,  its  catalytic  decompo- 
sition by  metals,  its  contraction  on  formation,  and  its  effect  on  the  spectrum. 
Positive-ray  analysis  indicates  a  triatomic  molecule. 

The  one  alternative  possibility,  however,  has  been  accepted  by  Baly,^* 
namely  that  it  is  the  isotope  of  hydrogen  suggested  by  Harkins  *'  as  the 
basis  of  the  structure  of  many  heavier  atoms.  It  is  tmfortunate  that 
Harkins*  use  of  the  symbol  Ha  for  that  isotope  has  led  to  some  confusion. 
The  ozone  form  of  hydrogen  may,  of  course,  properly  be  designated  as  Ha, 
which  represents  3  separate  hydrogen  atoms  combined  into  one  molecule. 
The  isotope,  which  we  shall  refer  to  as  iso-hydrogen,  however,  is  a  single 
atom  with  an  atomic  weight  of  3  units.  Like  hydrogen  itself,  it  has  but  a 
single  free  electron,  and  should  be  similar  to,  if  not  identical  with,  hydrogen 
in  all  its  chemical  properties.  Its  nucleus  consists  of  a  compact  of  3  ordi- 
nary hydrogen  nuclei  held  together  by  two  cementing  electrons.  Baly, 
then,  refers  to  our  preparation  of  the  true  H3  as  demonstrating  the  existence 
of  Harkins*  iso-hydrogen  and  thus  confirming  the  correctness  of  Harkins' 
fascinating  h)rpotheses  of  the  nuclear  structiu-e  of  atoms. 

"  Franck,  Knipping  and  Kriiger,  Verh.  Deut.  Physik.  Ges.,  21,  728  (1919). 

"  Baly,  "Annual  Reports  of  the  Progress  of  Chemistry,"  Chemical  Society,  lK)n- 
don,  1920. 

>»  Harkins,  Phys.  Rev.,  15, 73  (1920). 
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To  this  view  we  cannot  subscribe.  More  proof  is  needed  before  the 
actual  preparation  of  one  atomic  species  from  another  is  demonstrated, 
especially  before  we  can  believe  that  a  heavier  nucleus  has  been  built  up 
from  lighter  ones.  But  a  priori  nothing  should  be  judged  impossible,  and 
it  is  well  to  review  the  evidence. 

There  are,  in  fact,  only  two  sound  arguments  against  such  an  interpre- 
tation. One  is  the  almost  insuperable  one  that  very  large  amounts  of 
energy  should  be  required  to  condense  3  positive  nuclei  and  2  negative 
electrons  into  one  dense  and  coherent  nucleus;  in  such  gentle  methods  of 
preparation  as  the  use  of  the  hot  wire,  for  instance,  such  amounts  of  energy 
were  certainly  not  available.  The  second  is  that  the  iso-hydrogen  should  in 
the  gaseous  state  have  a  diatomic  molecule  and  hence  a  molecular  weight 
of  6.  But  positive  ray  spectrographs  fail  to  show  any  trace  of  molecules 
of  such  weight. 

On  the  other  hand,  numerous  facts  established  are  wholly  compatible 
with  the  assumption  that  iso-hydrogen  is  present.  The  high  reactivity  of 
the  jiew  gas  might  be  thought  to  exclude  iso-hydrogen,  since  isotopes  have 
been  in  all  cases  shown  to  be  chemically  inseparable  and  identical.  This 
may  be  true,  however,  for  differences  of  a  few  units  in  an  atomic  weight 
of  208,  as  in  the  case  of  lead,  and  yet  not  pertain  to  a  tripling  of  the  atomic 
weight  as  would  be  the  case  here.  Furthermore,  if  there  were  a  difference, 
the  iso-hydrogen  should  be  more  reactive  than  the  ordinary  form.  Its 
nucleus  is  complex  and  contains  two  negative  electrons;  the  net  positive 
charge  of  one  cannot  be  as  concentrated  as  it  is  in  hydrogen  itself,  and 
might  therefore  hold  the  planetary  electron  less  firmly  than  does  the  single 
positive  nucleus.  The  fact  of  increased  reactivity  is,  therefore,  not  wholly 
incompatible  with  Baly's  interpretation.  Neither  does  the  spectral  evi- 
dence exclude  the  latter.  The  spectrum  of  iso-hydrogen  may  well  be  more 
complex  than  the  usual  one,  although  the  marked  change  from  the  simple 
line  spectrum  to  the  highly  complex  and  extended  secondary  spectrmn 
observed  is  not  to  be  expected.  A  coincidence  of  the  spectrum  of  iso- 
hydrogen  with  that  of  the  hypothetical  nebular  element  nebulium  is  rather 
more  probable.  Finally,  the  observed  contraction  in  volume  is  also  no 
criterion,  since  the  formation  of  iso-hydrogen  would  result  in  a  marked 
contraction  by  the  reaction  3H2  =  Iso-H2.  The  volume  would  thus  be 
reduced  to  one-third.  A  quantitative  study  of  the  contraction  would 
therefore  furnish  a  critical  test,  but  no  technique  for  it  has  yet  been  de- 
veloped. 

There  remain  two  facts  which  favor  the  iso-hydrogen  interpretation. 
The  first  is  inconclusive,  namely,  the  fact  that  we  were  unable  to  obtain 
evidence  for  transitory  activity  in  the  hydrogen  collected  from  electrolysis 
or  the  solution  of  metals  in  acid.  No  activity  would  be  expected  in  case  we 
have  been  dealing  with  iso-hydrogen,  for  the  mere  contact  of  single  atoms 
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of  nascent  hydrogen  would  certainly  not  suffice  to  combine  them  into  new 
atomic  species.  .But,  as  stated  above,  this  negative  evidence  is  open  to 
question.  We  come  at  last  to  the  high  boiling  point  of  the  new  hydrogen. 
This  is  certainly  above  the  boiling  point  of  liquid  oxygen,  and  therefore 
at  least  70^  above  the  boiling  point  of  hydrogen  itself.  The  difference  in 
boiling  points  of  oxygen  and  ozone  is  only  62^.  On  the  absolute  scale  the 
boiling  points  of  oxygen  and  ozone  are  90**  and  152®,  while  those  of  hydro- 
gen and  of  hyzone  are  20®  and  above  90®.  This  is  an  unexpectedly  large 
difference,  especially  since  the  boiling  point  of  hyzone  may  be  far  above 
90®,  though  not  higher  than  190®.  On  the  other  hand,  it  would  not  be  so 
strange,  perhaps,  if  iso-hydrogen  had  a  relatively  high  boiling  point 
and  low  vapor  pressure,  since  its  molecule  is  three  times  as  heavy  as  that 
of  ordinary  hydrogen. 

In  view  of  this  evidence,  then,  it  is  preferable  to  assume  the  formation  of 
triatomic  molecules,  and  to  consider  atomic  transmutation  as  yet  un- 
eflfected. 

Summary 

1.  Triatomic  hydrogen  has  now  been  prepared  by  three  new  methods: 
the  Siemens  glass  tube  ozonizer,  the  high  frequency  Tesla  discharge,  and 
thermionic  emission.  Attempts  to  show  its  presence  in  hydrogen  pro- 
duced as  nascent  hydrogen  from  solutions  of  hydrogen  ions  were  un- 
successful, 

2.  This  hydrogen  is  catal3rtically  decomposed  by  finely  divided  plati- 
num, nickol,  copper,  lead,  antimqny  and  cadmitun.  It  is  not  affected 
by  contact  with  silver,  mercury,  tin,  bismuth,  molybdenum,  zinc  or 
aluminum. 

3.  Contraction  in  volume  occurs  when  this  hydrogen  is  produced  by  the 
electrical  discharge  at  a  pressure  of  3  cm.  This  is  particularly  marked  at 
the  temperattures  of  liquid  ammonia  and  of  solid  carbon  dioxide. 

4.  This  hydrogen  is  condensed  to  the  liquid  form  by  exposure  to  the 
temperature  of  liquid  oxygen. 

5.  The  spectrum  of  hydrogen  at  the  temperatiu-e  of  liquid  oxygen  shows 
a  progressive  intensification  of  the  secondary  line  spectrum  at  the  expense 
of  the  primary  series  spectrum,  which  is  probably  due  to  the  gradual 
formation  of  this  triatomic  form. 

6.  The  effect  of  this  work  and  that  of  others  is  held  to  confirm  the  mech- 
anism of  formation  previously  advanced. 

7.  The  formula  of  the  new  gas  is  probably  Hs,  and  not  iso-Ht,  an  atomic 
species  proposed  by  Harkins  as  a  constituent  of  heavier  atoms. 

8.  We  gratefully  acknowledge  our  indebtedness  to  the  Bureau  of  Eng- 
ineering, U.  S.  Navy  Department  for  the  gift  of  a  cylinder  of  helium  gas; 
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to  the  Director  of  the  Ryerson  Physical  Laboratory  of  the  University  of 
Chicago  for  the  use  of  indispensable  apparatus  and  instruments;  and 
espedaUy  to  B.  I.  DuPont  de  Nemours  and  Co.  for  the  establishment  of  a 
research  fellowship  under  the  tenancy  of  which  by  one  of  us  much  of  this 
work  was  done. 
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CLAY  AS  AN  AMPHOLYTE 
By  Oi^of  Arrhbntos 

Received  November  28, 1921 

Most  soil  scientists  know  that  alkali  soils  during  filtration  cause  serious 
troubles,  because  the  extract  is  grayish  or  turbid.  Furthermore,  it  is  a 
well  known  fact  that  alkali  stabilizes,  whereas  acid  peptizes  the  soil  sus- 
pensions. 

The  rate  of  settling  of  soil  suspensions  plays  a  great  role  in  mechanical 
soil  analysis,  and  there  has  been  much  discussion  on  this  subject,  such  as 
that  between  Rohland^  and  Maschhaupt,^  in  which  the  divergences  were 
great  and  both  were  right.  Rohland  points  out  that  the  same  addition 
of  alkali  or  add  does  not  cause  the  same  effect  in  suspensions  of  different 
soils  and  Maschhaupt  finds  that  alkali  first  stabilizes  and  then  suddenly 
peptizes  the  suspensions. 

It  is  very  probable  that  the  actual  acidity  of  the  suspension,  the  hy- 
drogen-ion concentration,  plays  the  greatest  role,  rather  than  the  amount 
of  add  or  alkali  added.  From  this  point  of  view  it  is  not  astonishing 
that  the  authors  mentioned  above  and  several  others  have  not  been  able 
to  find  a  satisfactory  explanation.  The  conception  of  the  soil  as  a  buffer 
is  a  rather  recent  one,'*^  but  only  when  one  assumes  this  buffer  action  is 
one  able  to  understand  why  some  soils  change  their  reaction  markedly 
and  others  not  at  all  when  the  same  amotmt  of  add  is  added  to  each. 

In  order  to  ascertain  the  influence  of  the  hydrogen-ion  concentration 
and  compare  it  with  that  of  the  amounts  of  alkali  and  acid  added,  the . 
following  experiment  was  carried  out. 

Two  day  soils,  one  used  for  brick-making,  with  a  Sorensen  value  (Ph) 
of  7.5  and  another,  a  peaty  day  with  a  Sorensen  value  of  5.0,  were  used 
for  making  up  the  suspensions.  Two  hundred  and  fifty  cc.  portions  of 
each  suspension  (100  g.  of  day  in  5  liters  of  water)  were  placed  in  glass 
cylinders;  alkali  or  add  was  then  added  and  the  different  lots  filled  up 
to  the  same  volume,  350  cc.    The  suspensions  were  then  shaken  and  left 

^RoUand,  Landv.    Vers.   Sta.,   1914,   85. 

s  Maschhaupt,  ilnd.,  1914,  83. 

'Bjemim,  Landbo  og    Veierinaerhdisk,   Aarskr.,   1917. 

*  Airhenius,  Soil  Science,  1922. 
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to  settle.    After  definite  intervals  of  time,  the  heights  of  the  clear  columns 
were  measured.    The  data  thus  obtained  are  shown  in  the  table  below. 

Table  I 


Brick  Clay 

Peaty  Clay  . 

Cc.  of            Cc.  of 
acid             alkali 

Sdrensen 
value 

Settling 

rate 
cc./hour 

Sdrensen 
value 

Scttiing 

rate 
cc.  /hour 

100   (HCl) 

0.5 

3.0 

20 

2.5 

38 

10 

. . . 

2.5 

2.5 

9 

2.7 

2.0 

8 

3.1 

1.5 

7 

3.4 

0.5 

6 

3.8 

25 

3.8 

0.5 

5.5 

4.0 

33 

. . . 

5 

4.2 

38 

4.0 

0.5 

4.5 

4.3 

48 

. .  ■* 

•  • . 

4 

4.5 

39 

■  •  • 

3.5       . 

4.9 

36 

... 

2 

6.2 

13 

4.2 

1.0 

1 

4.3 

2.0 

0.5 

, , . 

4.5 

1.0 

0 

0 

7.5 

0.3 

5.0 

0.1 

4.6 

8.4 

0.1 

6.7 

0.05 

9 

10 

0.001 

7.5 

0.01 

] 

11 

11 

0.1 

. . . 

1 

13.5 

12 

1.4 

1 

18 

. . . 

8.4 

0.003 

< 
.  • .                i 

?7 

12.5 

25 

...                ^ 

U) 

.  •  • 

9 

0 

t 

K) 

. . . 

11 

0.5 

1^ 

to 

. . . 

12 

2.0 

With  the  data  given  in  this  table  the  curves  have  been  constructed. 
It  is  easily  seen  that  the  curves  are  very  similar.  Beginning  on  the  acid 
side  there  is  a  decrease  in  the  rate  of  settling  and  the  curve  sharply  bends 
over  into  an  increasing  branch  till  the  iso-electric  point  is  reached  (the 
maximum  rate).  Then,  with  lower  hydrogen-ion  concentration  the  sus- 
pension is  more  and  more  stabilized  and  thus  the  settling  rate  reaches  a 
minimum,  after  which  at  high  alkalinity  the  rate  increases  decidedly 
again. 

Wilson  and  Heisig^  found  the  same  type  of  curve  as  far  as  their  experi- 
ments went  for  sewage  sludge  when  measuring  the  influence  of  hydrogen- 
ion  concentration  on  the  rate  of  filtration. 

It  is  interesting  that  this  curve  is  almost  the  same  as  that  for  the  swelling 
of  gelatin,  showing  that  the  clay  acts  as  an  ampholyte  just  as  does  gelatin, 

•  WUson  and  Heisig,  /.  Ind,  Eng.  Chem.,  13,  406  (1921). 
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and  therefore  the  course  of  the  curve  may  be  explained  by  the  help  of  the 
Donnaii  equilibrium  as  shown  in  Loeb's  interesting  experiments.* 

If  the  clay  indeed  acts  as  an  amphol)rte,  it  should  combine  stoichio- 
metrically  with  acids  and  bases  as  shown  by  Loeb.  This  is  actually  the 
case.  When  using  sulfiuic  acid  the  rate  of  settling  is  double  that  when 
using  phosphoric  acid,  hydrochloric  or  oxalic  acid,  which  is  in  full  agree- 
ment with  Loeb's  investigations. 

Another  proof  of  this  theory  is  drawn  from  Rohland's^  paper.  He 
mentions  that  it  is  impossible  to  compare  the  adsorption  of  different  dyes 
caused  by  soils,  because  they  are  adsorbed  to  different  extents.    He  points 


^r3 


out  that  Vesuvin  solution  is  decolorized  by  about  15  g.  of  clay,  three  times 
as  much  as  required  by  an  equal  amount  of  Victoria  blue.  Beilstein's 
"Handbuch"  gives  the  molecular  weight  of  Vesuvin  as  227,  whereas 
Victoria  blue  has  that  of  505.  The  ratio  between  these  two  is  2.0,  which 
is  quite  near  the  ratio  given  above,  considering  the  big  errors  involved 
in  these  experiments.  The  author  has  found  in  some  preliminary  ex- 
periments that  indicators  are  "adsorbed"  by  the  same  clay  in  proportion 
to  their  molecular  weight.  Whitney  and  Ober^  fpund  that  colloidal 
arsenic  trioxide  when  precipitated  with  calcium,  strontiimi  or  barium 
chloride  **adsorbed"  39,  77  and  152  parts  of  the  cations  as  compared  with 
the  atomic  weights  40,  88  and  137. 

Thus  Loeb's  assumption  that  ampholytes  combine  with  acids  or  bases 
in  stoichiometrical  proportions  holds  also  for  the  mineral  ampholjrtes  of 
the  soil.  The  facts  here  shown  may  have  a  revolutionary  effect  on  our 
conception  of  the  soil  and  the  soil  conditions.    We  may  dispense  with  such 

•  Loeb,  /.  Gen.  Physiol,  1920,  1921. 

» Whitney  and  Ober,  Z.  physik.  Chem.,  41,  379  (1902). 
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convenient  words  as  adsorption  used  by  the  colloid  chemists,  since  we 
see  that  purely  physico-chemical  laws  find  apphcation  to  mineral  colloids 
also,  in  this  case  the  soil.  The  word  colloid  will  then  mean  only  a  particle 
of  special  dimensions  and  not  of  special  properties. 

Summary 

It  has  been  shown  that  clays  of  different  origin  and  different  reaction 
have  the  same  iso-electric  point  and  the  curve  obtained  by  plotting  rate 
of  settling  against  the  hydrogen-ion  concentration  has  the  same  course 
as  that  of  gelatin.  The  day  acts  as  an  amphoteric  electrolyte  and  can 
therefore  combine  with  either  acid  or  base.  This  is  also  shown  by  the 
buffer  action  of  the  days.  The  result  is  important  theoretically,  as  well 
as  practically. 

The  work  has  been  carried  out  in  the  Laboratory  of  Plant  Physiology 
of  Harvard  University.  To  Professor  Osterhout  I  express  my  warmest 
thanks  for  his  kind  hdp  and  suggestions. 

STOCKHOUff,    SW9DSN 

[CONTRIBXTTION    FROM    TBH    WOI<COTT    GiBBS    MSMORIAL    LABORATORY,    HARVARD 

UNIV9RSlTy] 

SOLID     THALLIUM     AMALGAMS     AND     THE     ELECTRODE 
POTENTIAL  OF  PURE  THALLIUM 

By  TmtODORS  W.  Ricrards  and  ChArlhs  P.  Smrm 

Received  December  1.  1921 

This  investigation  was  undertaken  for  the  purpose  of  ascertaining  the 
cause  of  the  potential  difference  recently  found  to  exist  between  pure 
thallium  and  saturated  thaUium  amalgam.  Several  earlier  investigators 
concluded  that,  as  in  the  case  of  zinc,  the  solid  phase  in  equilibrium  with 
the  liquid  in  the  2-phase  amalgam  consists  of  pure  solid  metal, — ^the  solu- 
bility of  mercury  in  soUd  thallium  being  regarded  as  practically  zero, 
when,  of  course,  the  potential  of  the  2-phase  amalgam  would  be  identical 
with  that  of  pure  thallium.  Lewis  and  von  Bnde,^  in  their  excellent 
determination  of  the  potential  of  the  thallium  electrode,  assumed  this  to 
be  the  case,  and  used,  in  place  of  a  pure  thallium  electrode,  a  55%  amalgam 
consisting  of  2  phases.  The  basis  for  their  assumption  was  the  thermal 
analysis  of  Kumakov  and  Puschin,*  the  electromotive  force  measurements 
of  Sucheni,*  and  experiments  of  their  own. 

The  experimental  precautions  employed,  however,  were  evidently  not 
adequate  to  prove  the  point,  for  the  work  of  recent  Harvard  investigators 

1  Lewis  and  von  Knde,  This  Journai«,  32,  732  (1910). 

*  Kumakov  and  Puschin,  Z.  anorg,  Chem.,  30, 86  (1902). 

*  Sucheni,  Z.  ElelUrochem.,  12,  726  (1906).    See  also  Spencer,  ibid.,  11,  681  (1905). 
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has  shofwn  a  real  difference  of  electromotive  force  between  pure  thallium 
and  thallium  with  a  film  of  amalgam  on  its  surface.^ 

The  main  objects  of  the  present  investigation  were  to  confirm  this  dif- 
ference of  potential  as  well  as  to  discover  whether  it  is  due  to  the  formation 
of  a  solid  solution  of  mercury  and  thalh'um,  or  to  a  crystalline  compound. 
Incidentally,  the  electrode  potential  of  thallium  was  revised. 

Experimental  Details 

The  substances  used  were  purified  with  adequate  care:  the  water  was  twice  dis- 
tilled (from  alkaline  permanganate  and  very  dil.  sulfuric  add) ;  hydrogen  was  generated 
dectrolsrtically  (from  sodium  hydroxide  containing  a  little  barium  hydroxide)  and 
thoroughly  dried;  and  mercury  was  purified  by  treatment  with  mercurous  nitrate 
solution  and  distillation.  The  preparation  of  the  pure  thallium  must  be  described 
more  in  detail.  This  was  chiefly  at  hand  in  the  form  of  nuggets  of  crude  metal  con- 
taining perhaps  7%  of  lead  and  small  amounts  of  other  impurities.  The  thallium 
was  dissolved  in  dil.  pure  sulfuric  add,  leaving  most  of  the  lead,  partly  as  a  metallic 
powder  and  partly  as  predpitated  sulfate.  The  cooled  and  somewhat  diluted  solution 
was  filtered;  to  it  was  added  dil.  redistilled  hydrochloric  add  drop  by  drop,  with  con- 
stant stirring.  Very  little,  if  any,  lead  was  found  in  the  predpitated  thallous  chloride, 
which  was  washed  several  times  by  decantation.  Pure  cone,  redistilled  sulfuric  add 
converted  the  soUd  thallous  chloride  into  sulfate.  This 'thallium  sulfate,  which  on 
dilation  gave  no  predpitate  of  lead  sulfate,  was  crsrstallized  by  cooling  to  0*.  The 
long  needles  of  the  salt  were  thoroughly  dried,  recrystallized  at  least  twice  (sometimes 
thrice)  in  a  silica  dish,  by  cooling  with  ice  a  solution  almost  saturated  at  the  boiling  point. 
The  solubility  curve  is  steep  and  the  process  effident. 

From  this  sulfate,  which  must  have  been  amply  pure  enough  for  our  purpose, 
metallic  thallinm  was  prepared  by  the  dectrolysis  of  the  saturated  solution  of  the 
sulfate  in  water;  the  electrodes  were  short  platinum  wires  exposing  not  more  than 
1  cm.  of  their  length  to  the  solution.  The  anode  was  placed  on  the  bottom  of  the 
beaker  containing  the  solution  (being  protected  above  by  a  long  glass  tube  into  which 
it  was  .sealed),  while  the<athode  merely  dipped  beneath  the  surface.  The  heavy  red- 
brown  deposit  of  peroxide  at  the  anode  remained  at  the  bottom  of  the  beaker  and  there- 
fore did  not  contaminate  the  oystalline  spongy  mass  of  thallium  deposited  on  the 
cathode  above.  A  dirrent  of  about  1  ampere  was  used  and  the  thallium  was  removed 
at  frequent  intervals  from  the  cathode  by  means  of  a  small  glass  fork,  rinsed  thoroughly 
with  pure  water,  pressed  together,  and  kept  tmder  pure  boiled  water  until  fused.  A 
small  further  amount  of  thallium  was  obtained  by  electrolysis  from  pure  liquid  amalgam 
remaining  from  the  work  of  Daniels,  the  amalgam  being  made  the  anode  in  dil.  sulfuric 
add  solution.  This  thallium  was  found  to  contain  traces  of  mercury,  which  were 
removed  by  fusing  at  a  high  temperature. 

For  use  in  the  study  of  the  amalgams,  as  wdl  as  of  the  pure  metal,  the  thallium 
was  fused  into  a  compact  mass.  The  sponge  was  pressed  as  free  from  water  as  possible, 
and  dried  in  a  vacuum  desiccator.  At  first  the  dried  thallium  was  pressed  into  one 
of  three  Pyrex  ^ass  bulbst  connected  by  capillary  tubes.  After  sealing  and  thorough 
evacuation  of  the  tube,  the  thallinm  was  mdted;'  and,  by  tilting  the  apparatus,  the 
molten  metal  was  run  through  the  capillary  into  the  second  bulb,  leaving  the  solid 
impurities  behind.    The  dean,  bright  metal  was  then  heated  to  drive  off  volatile  im- 

*  Richards  and  Daniels,  Tms  Journal,  41,  1732  (1919).  Jones  and  Schumb, 
Proc.  Am.,  Acad.,  56, 199  (1921).  See  also  Lewis  and  Randall,  This  Journal,  43, 
247  (1921)  (Footnote). 
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purities  (if  any)  into  the  third  bulb;  after  which  the  apparatus  was  sealed  off  between 
the  second  and  third  bulbs,  leaving  the  pure  metal  in  the  second  bulb.  Here  it  could 
be  kept  indefinitely  without  fear  of  oxidation. 

Later,  with  larger  quantities  of  metal,  another  less  elegant  but  more  convenient 
technique  was  employed.  The  dried  sponge  was  pressed  into  a  large  unglazed  earthen- 
ware boat,  which  was  slipped  into  the  glazed  porcelain  tube  of  an  electric  furnace. 
The  tube,  wound  with  resistance  ribbon  and  asbestos,  was  supported  in  a  horizontal 
position  by  large  clamps,  and  its  ends  were  closed  tightly  with  Hempel  stoppers,  through 
which  constant  streams  of  cold  water  were  kept  flowing  Air  was  at  once  removed 
by  an  oil  pump  and  replaced  by  hydrogen,  the  exhaustion  and  replacement  by  hydro- 
gen being  repeated  thrice.  All  heating  was  conducted  in  an  atmosphere  of  hy- 
drogen, which  was  kept  flowing  through  the  tube  in  a  slow,  but  steady,  stream.  A 
temperature  between  350°  and  400°  was  maintained  from  1  to  3  hours.  Most  of  the 
oxide  present  was  reduced  to  the  metal,  and  volatile  impurities  were  driven  off.  Usually 
a  very  thin  scarcely  weighable  grayish  coating  of  non-metallic  impurities  remained 
upon  the  sturface-of  the  compact  ingot  of  ptu-e  metal,  which  was  scraped  dean  and  bright 
before  using. 

The  same  technique  was  adequate  for  the  removal  of  merctiry  from  very  concen- 
trated amalgams.  When  much  mercury  was  evaporated,  it  was  fotmd  to  carry  with 
it  a  trace  of  thallium,'  so  that  the  method  is  not  a  very  good  one  for  purposes  of  analysis, 
but  the  residual  thallium  appeared  to  be  beyond  reproach.  In  order  to  make  certain 
of  the  expulsion  of  every  trace  of  mercury,  the  ingot  was  reheated  at  least  once  in  hy- 
drogen after  cleansing  the  ftunace. 

From  this  pure  thallium,  amalgams  were  prepared  as  follows.  The  desired  amount 
of  solid  metal  was  scraped  until  thoroughly  clean,  weighed,  and  mixed  with  a  weighed 
quantity  of  mercury.  The  amalgamation  was  at  first  effected  by  heat  in  a  sealed  glass 
tube,  but  the  method  had  disadvantages  and  was  abandoned  in  favor  of  a  simpler  one 
in  which  the  mercury  and  thallium  were  brought  together  in  a  small  porcelain  crucible 
and  immediately  covered  with  molten  paraffin,  with  which  the  crucible  was  almost 
filled.  Gentle  heating  melted  the  thallium,  and  the  metals  were  stirred  together  with 
a  fine  glass  rod  until  they  formed  a  homogeneous  liquid  amalgam.  This  was  allowed 
to  cool  slowly.  The  layer  of  paraffin  above  the  amalgam  prevented  oxidation  of  the 
thallium,  and  evaporation  of  merctuy,  and  served  also  to  render  cooling  more  uni- 
form, and  to  protect  the  bead  of  amalgam  from  air  until  needed.  The  solid  bead  after 
cleaning  free  from  paraffin,  showed  a  bright,  clean  stu-face. 

The  amalgams  were  analyzed  by  a  method  already  described,'  enough  mercury  being 
added  to  the  solid  amalgam  to  effect  its  solution,  and  the  liquid  being  agitated  with 
ptu-e  air  and  standard  dil.  add.  The  method  was  tested  by  two  prdiminary  deter- 
minations made  with  pure  thallium  in  the  same  fashion.  Thus  0.1309  g.  of  metal  was 
estimated  as  0.1307g.  and  0.2200  g.  as  0.2201  g.,  indicating  adequate  predsion. 

Thallium  is  deposited  dectrolytically  in  hexagonal  plates.^  Whether  or  not  these 
bdong  to  the  hexagonal  system  we  did  not  dedde.  Solid  amalgams  containing  over 
10%  of  mercury  were  quite  different  in  appearance  and  properties  from  the  ptu-e  metal. 
When  less  than  10%  of  merctuy  was  present,  they  cotUd  be  cut  smoothly  with  a  knife, 
but  amalgams  with  more  merctiry,  especially  those  contaiiyng  12%,  were  distinctly 
brittle,  breaking  up  into  grains  which  appeared  to  be  well  formed  cubic,  or  near-cubic, 

» Compare  Krafft  and  Knocke,  Ber.,  42,  202  (1909),  and  von  Wartenberg,  Z. 
EUktrochem.,  19,  482  (1913). 

*  Richards  and  Daniels,  This  Joxirkai,,  41,  1732  (1919). 

'  Our  observations  on  this  matter  agree  with  Ktimakov  and  Pascfain,  Z.  anarg. 
Chem.,  52, 430  (1907). 
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cnrstals.  This  implies  the  formation  of  a  new  solid  phase,  the  nature  of  which  will 
receive  discusaon  later.  When  more  than  12%  of  mercury  was  present,  a  trace 
of  liquid  amalgam  was  sometimes  found  on  the  faces  of  the  freshly  formed  crystals. 
On  standing,  this  excess  of  mercury  seemed  to  have  incorporated  itself  into  the  amalgam 
as  solid.  It  must  be  remembered  that  these  preparalions  had  been  solidified  by  cooling 
and  that  therefore  the  first  formed  crystals,  when  they  actually  separated,  were  in 
equilibrium  with  the  liquid  at  a  higher  temperature  than  that  of  the  room.  Evidently 
thallium  takes  in  more  merctuy  in  the  solid  form  at  a  low  temperature  than  at  a  high 
temperature;  but  an  85%  amalgam  (containing  15%  by  weight  of  mercury)  contained 
between  the  solid  crystals  a  permanent  very  thin  layer  which  was  not  absorbed  on 
standing.  Of  course,  amalgams  yet  poorer  in  thallium  contain  still  more  of  this  liquid 
film.  The  crystals  of  the  amalgam  just  mentioned  are  much  harder  than  pure  thallium. 
The  pure  metal  is  so  soft  that  no  considerable  strain  can  exist  in  it  at  ordinary  tem- 
peratures. 

As  regards  microstructure,  no  satisfactory  evidence  could  be  obtained  by  polishing 
and  etching  the  surfaces,  for,  of  course,  the  mercury  set  free  at  once  covered  the  siu^ace 
with  a  shining  layer  of  liquid  amalgam.  On  solidifying,  the  solid  amalgams  showed 
delicate  fern-like  patterns  on  their  surfaces,  but  these  gave  no  evidence  of  the  crystal- 
line structure. 

The  Electromotive  Force  between  Amalgams 

The  measurements  of  electromotive  force  were  made  by  the  usual  Poggendorfl 
compensation  method,  a  Wolff  potentiometer  and  a  highly  sensitive  galvanometer  being 
used.  The  potentiometer  was  standardized  by  a  Weston  cell  certified  by  the  Bureau 
of  Standards.  All  usual  precautions  were  taken  for  obtaining  results  of  high  accuracy. 
The  thallium  cells  were  kept  at  20.00°  in  an  electrically  regulated  thermostat  (with 
a  cooling  coil  for  hot  weather).  They  were  contained  in  vessels  of  the  ordinary  H  type, 
the  electrical  connections  being  made  through  short  platinum  wires  sealed  into  fine 
straight  tubes  which  passed  through  paraffined  corks.  The  electrolyte  was  at  first 
a  saturated  solution  of  thallitmi  sulfate  with  crystals  of  the  salt  in  each  arm,  but  after- 
wards a  dilute  solution  was  found  to  be  more  convenient,  since  the  changes  of  tempera- 
tiu^  in  the  cells  after  removal  from  the  thermostat  caused  changes  of  concentration 
when  solid  sulfate  was  present,  which  were  slow  in  equalizing  themselves.  The  most 
convenient  standard  of  reference  for  all  the  thallium  amalgams  was  the  2-phase  amal- 
gam containing  55%  of  thallium  and  45%  of  mercury,  as  recommended  by  Lewis 
and  von  Knde.  This  is  a  very  constant  and  reproducible  electrode.  A  portion  of  2- 
phase  amalgam  thus  prepared  was  always  placed  in  one  arm  of  each  H-cell;  in  the 
other  arm  was  placed  one  of  the  various  amalgams  to  be  studied.  Twenty  or  more  cells 
were  thus  equipped  at  one  time,  and  76  in  all  were  measured. 

Electrodes  of  electrolsrtic  thallium  were  prepared  by  electro-deposition  from  a 
thallous  sulfate  solution  in  several  ways,  the  deposit  being  made  upon  a  short  platinum 
wire.  The  ordinary  procedure  was  to  use  a  very  low  current  for  an  hour  or  two  until 
the  wire  was  well  covered  with  a  compact  deposit  of  thallium,  after  which  the  current 
was  increased  so  that  a  spongy  deposit  with  a  large  surface  formed  rapidly.  A  few 
electrodes  were  prepared  by  running  a  very  low  current  for  2  or  3  days,  the  small  deposit 
thus  obtained  being  very  thin,  adherent,  and  finely  crystalline. 

Electrodes  were  prepared  also  from  pieces  of  the  thallium  which  had  been  fused 
in  hydrogen.  The  piece  which,  usually,  had  a  maximum  cross-sectional  area  of  about 
0.5  sq.  cm.,  was  cut  with  a  knife,  and  into  the  deep  slit  thus  formed  the  short  platinum 
wire  of  a  connecting  tube  was  forced,  the  metal  was  pressed  together  over  the  wire, 
and  a  little  paraffin  was  melted  over  the  closed  slit  and  over  any  exposed  portion  of 
the  platinum  wire.    Connection  with  the  electrode  was  thus  made  in  such  a  manner 
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that  the  thallous  sulfate  solution  in  the  cell  could  have  no  access  to  any  metal  other 
than  that  of  the  electrode.  All  the  electrodes  were  rinsed  several  times  with  thallous 
sulfate  solution  before  use  in  the  cell.  Solid  thallium  amalgams  were  mounted  as 
electrodes  in  the  way  just  described. 

In  all  except  the  very  first  experiments,  considerable  precaution  was  taken  against 
the  presence  of  oxygen  in  the  electrolyte  above  the  amalgams,  the  gas'  above  the  liquid 
being  repeatedly  exhausted  and  replaced  by  pure  hydrogen  before  the  electrode  to  be 
studied  was  introduced,  and  this  introduction  was  effected  while  the  hydrogen  was  flow- 
ing in  a  rapid  stream.  In  the  first  few  cells  only  was  there  any  considerable  oxidation. 
The  electromotive  forces  usually  remain  constant  for  a  long  time.  This  constancy 
was  evidence  also  that  mercury  was  not  appreciably  transferred  from  the  55%  amalgam 
to  the  other  electrode  during  the  time  of  experimentation.  In  a  few  cases  the  electro- 
lyte was  found,  after  a  long  time,  to  have  become  alkaline  to  phenolphthalein,  but  what 
little  alkalinity  existed  was  equally  distributed  through  the  cell  so  as  not  to  affect  the 
electromotive  force,  which  depends  not  upon  the  character  of  the  electrolyte,  if  uniform, 
but  upon  the  concentration  in  thallium  of  the  two  electrodes. 

Preliminary  measurements  gave  fairly  constant  results  for  spongy, 
electrolytically  deposited  thallimn,  varying  from  2.60  to  2.81  miUivolts 
when  compared  with  the  2-phase  55%  amalgam.  Fused  thallium  gave 
2.08  mv.  Solid  amalgams  containing  between  85  and  100%  of  thallium 
all  gave  lower  results,  as  had  been  expected.  The  final  values  obtained 
(the  averages  of  many  measurements)  are  given  in  the  following  table. 
The  individual  determinations  rarely  differed  more  than  0.10  mv.  from 
the  average  in  the  case  of  the  most  significant  figtu-es  between  96  and  91%, 
the  reproducibility  of  the  electrodes  increasing  with  increasing  mercury 
content. 

Tabi^  I 

El^SCTROMOTlVB  FORCS 

Pure  thallium  or  solid  amalgams  versus  saturated  amalgam 
Negative  electrode    Tl      B.m.f.  Negative  electrode    Tl    B.m.f.     Negative  electrode     Tl 


%       Mv. 


Elec.    deposit 

(fresh) :    pure 

Tl 

100 

2.67 

Fused:     pure 

Tl 

100 

2.08 

99 

1.80 

Fused  amalgam 

97 

1.47 

96 

1.28 

Fused  amalgam 


%    Mv. 


95    1.32 


% 


E.iii.r. 

Mv. 


94 

1.39 

93 

1.26 

91 

1.30 

90 

1.10 

Fused  amalgam 


89    1.02 


88 

0.59 

87 

0.39 

86 

0.15 

85 

0.00 

Let  us  consider  first  the  behavior  of  the  pure  metal  imder  diflferent 
conditions.  Electrolytically  deposited  thallium  gave,  when  freshly 
prepared,  a  potential  0 . 6  mv.  higher  than  that  of  thallium  which  had  been 
fused — a  diflference  seemingly  too  great  to  be  accounted  for  on  the  ground 
of  experimental  error,  since  the  lowest  individual  determination  for  fresh 
spongy,  electrolytic  thallium  was  higher  than  the  highest  individual 
determination  for  the  compact  form. 

This  difference  might  be  ascribed  to  one  or  more  of  three  different 
possible  causes.    It  might  be  due  to  active  hydrogen,  released  at  thecath- 
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ode  along  with  the  metal  during  the  electrolysis.  Although  thallium 
occludes  ordinary  gaseous  hydrogen  in  quantities  which  can  hardly  be 
detected,*  possibly  hydrogen  formed  at  a  cathode  during  electrolysis 
might  be  occluded  to  a  greater  extent,  as  in  the  case  of  iron.*  Accordingly, 
qualitative  experiments  were  made  to  test  the  point.  The  samples  to 
be  tested  were  dissolved  in  mercury  under  water  in  a  test-tube  to  form  a 
dil.  amalgam,  in  which  hydrogen  must  have  been  practically  insoluble. 
Fused  thallium  evolved  no  gas  when  thus  treated,  nor  did  electrolytic 
thallium  which  had  been  long  prepared.  Freshly  made  electrolytic 
thallium  evolved  a  few  bubbles,  but  unfortunately  the  results  of  this  latter 
test  were  inconclusive,  as  they  could  not  show  whether  the  hydrogen  was 
actually  occluded  in  the  metal,  or  merely  held  on  its  surface,  or  in  cavi- 
ties. At  any  rate  the  total  amount  of  hydrogen  was  shown  to  be  very  small. 
Another  possible  explanation  for  the  difference  of  potential  between 
fused  and  electrolytic  thallimn  lies  in  the  allotropy  of  the  metal.  When 
a  metal  capable  of  existing  in  more  than  one  form  is  deposited  electro- 
lytically,  the  metastable  form  is  likely  to  be  deposited  first.  ^®  This  meta- 
stable  form  may  change  rapidly  to  the  modification  which  is  stable  imder 
the  existing  conditions,  or  may  remain  unchanged  for  a  longer  period  of 
time.  The  metastable  form  has,  of  coiu-se,  ^  higher  potential  than  the 
stable.*^  Thallium  has  been  known  for  some  time  to  exist  in  two  enantio- 
tropic  modifications,  a-thallium,  the  form  stable  at  ordinary  temperatures, 
changing  to  jS-thallium  at  the  transition  temperature  235.3**  (as  described 
later);  but  j8-thallium  has  never  been  observed  at  room  temperatures. 
An  attempt  was  made  to  obtain  it  by  quenching  the  liquid  metal,  but  the 
attempt  was  a  failure,  since  the  quenched  metal  showed  the  same  potential 
as  ordinary  fused  thallium  and  was  therefore  the  a  modification.  There 
is  a  remote  possibility  that  electrolytic  thallium  may  be  a  hitherto  un- 
discovered modification  lying  between  the  a  and  the  j8  forms,  but  the  lack 
of  any  thermal  evidence  of  its  existence,  and  the  fact  that  X-ray  photo- 
graphs of  sections  of  the  metal  taken  at  different  temperatures  show  no 
change  of  structure  below  227**,"  seem  to  render  this  possibility  so  remote 
as  to  deserve  no  serious  consideration."    Complete  knowledge  of  the 

» Sieverts,  Z.  Elektrochem.,  16,  708  (1910).     Smith,  /.  Phys.  Chem.,  23,  186  (1919). 

•  Cailletet,  Compt.  rend.,  80,  319  (1875).  Johnson,  Proc.  Roy.  Soc.  (London), 
23,  168  (1875).  Bellati  and  Lussana,  Z.  physik.  Chem.,  7,  229  (1891).  Shields,  Chem. 
News,  65,   195  (1892). 

See  also  Richards  and  Behr,  ''The  Electromotive  Force  of  Iron  under  Varying 
Conditions,  and  the  Effect  of  Ocduded  Hydrogen,"  Carnegie  Inst.  Pub.,  61  (1906). 

»  Smits,  Verslag.  akad.  Wetenschappen  AmsUrdam,  22,  642  (1913). 

"  Cohen,  Trans.  Faraday  Soc,  10,  216  (1915). 

»«  Nishikawa  and  Asahara,  Phys.  Rev.,  15,  38  (1920). 

**Werigin.  I^ewkojeff,  and  Tammann  {Drude'sAnn.,  10,  647  (1903)),  measuring 
the  change  with  temperature  of  the  "Ausflussgeschwindtgkett"  of  thallium  thought 
that  a  transformation  was  indicated  at  180®,  but  other  investigators  have  been  unable 
to  discover  any  such  transformation. 
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different  crystal  structures  of  thallium  might  make  it  possible  to  decide 
conclusively  against  the  assumption  that  the  higher  potential  of  the 
electroljrtic  metal  is  due  to  metastability/*  but  at  present  this  explanation 
seems  unlikely. 

A  more  probable  explanation  than  either  of  these,  is  that  the  diflference 
of  potential  between  the  compact  and  finely  divided  thalliiun  is  due 
to  the  degree  of  subdivision.  This  effect  has  long  been  well-known  in 
other  cases:  the  solution  tension  of  a  fine  powder  is  greater  than  that 
of  a  flat  surface.^*  The  differences  in  potential  ascribed  to  this  cause, 
as  foimd  by  others  in  various  cases,  have  varied  from  a  few  tenths  of  a 
millivolt  to  several  millivolts.  The  small  difference  of  0.6  mv.  found 
by  us  may  well  be  thus  produced;  the  gradual  elimination  of  the  finest 
shreds  of  thallium  on  standing  would  be  expected  to  reduce  the  potential 
to  the  normal  value. 

Clearly,  since  the  55%  amalgam  lacks  2.08  mv.  of  the  true  thallium 
potential,  the  trie  potential  for  the  cell  [Tl,  (T1+  normal),  calomel  elec- 
trode] at  25  **  is  0 .  6192  mstead  of  0 .  6170.i*  The  "single  electrode  potential" 
of  thallium  may  be  taken  as  about  0 . 055  with  this  concentrated  solution," 
or  about  0.115  with  a  T1+  0.1  A/'  solution,  neglecting  the  jimction  po- 
tential of  the  liquids  (which  may,  however,  be  fairly  large). 

Turning  now  to  the  amalgams  of  thallium,  we  find  that  the  e.m.f.  de- 
terminations range  themselves  in  a  broken  curve  of  definite  character. 
With  increasing  concentration  of  mercury  there  is  a  decrease  in  the  po- 
tential as  far  as  4%  or  5%,  then  a  fairly  constant  potential  (within  a 
reasonable  limit  of  error)  as  far  as  9%,  and  then  a  rapid  falling  off  down 
to  14.5%,  where  the  potential  becomes  that  of  the  2-phase  amalgam. 
The  cause  of  the  striking  double  break  in  this  curve  will  be  considered 
after  other  phenomena  have  been  studied.  The  curve  furnishes  further 
evidence  that  tballium  which  has  been  fused  contains  no  atomic  hydrogen, 
for  otherwise  its  e.m.f.  would  lie  above  the  extrapolation  of  the  left  hand 
end  of  the  ciurve  to  the  vertical  axis.    It  likewise  conclusively  proves 

1*  As  the  crystal  structure  of  thallium  is  now  under  investigation  by  A.  W.  Hull, 
who  is  applying  to  it  his  highly  developed  method  of  X-ray  analysis,  the  knowledge 
should  soon  be  available. 

»» The  literature  upon  this  subject  is  very  plentiful.  A  few  references  are  given 
below. 

Luedtke,  Wied.  Ann.,  50,  678  (1893).  Ostwald,  Z.  physik.  Chem.,  34,  495 
(1900).  Hulett,  ibid.,  37,  385  (1901).  Richards  and  Behr,  Ref.  9.  Hering,  Mel. 
Chem.  Eng.,  10,  14  (1912). 

»»Ref.  1,  p.  740.  Our  value  0.00208  volt  for  this  diflference  was  at  20"*;  but 
this  would  be  mcreased  to  about  0.00217  at  25®  (See  Richards  and  Daniels,  Ref.  4,  p. 
1743). 

"  The  calomel  electrode  is  assumed  to  give  0.564  volt  at  25**  and  no  allowance  b 
made  for  the  mjknown  solution-junction  potential. 
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that  thalliiim  dissolves  considerable  mercury  in  the  solid  state.    This 
curve  is  depicted  as  the  lowest  one  in  Fig.  3,  given  later. 

Thermal  Analysis  of  Thallium  Amalgam 

For  amalgams  containing  more  than  50%  of  mercury  the  melting  points 
have  been  studied  by  one  of  us  in  collaboration  with  F.  Daniels."  The 
melting  point"  of  pure  thallium  has  been  variously  given  in  recent  years 
between  299.4  and  303.0  and  the  transition  point*®  between  the  a  and 
P  modifications  of  thallium  variously  given  between  225°  and  238°.  In 
the  earlier  investigation    only  a  few  points  had  been  determined  with 

"  Ref.  4.    In  this  paper  references  to  earlier  work  of  this  sort  will  be  found.     See 
also  Pavlovitch,  /.  Russ.  Phys.  Chem,  Soc,  47,  29  (1915). 
"  Determinations  of  the  melting-point  of  thallimn 

Melting 
point 
•  C.  Observer  Publication 

288  Crookes Phil.  Mag.,  [4]  21,  301  (1861) 

290  Lamy Ann.  chim.  phys.,  [31  67,  385,  418 

303 .7  Heycock  and  NeviUe /.  Chem.  Soc.,  65,  32  (1894) 

301.7  Kumakovand  Puschin Z.   anorg.    Chem.,  30,  91    (1902) 

301  .2  Kumakov  and  Puschin Ibid.,   52,   430    (1907) 

301  Williams Ibid.,  50,  127  (1906) 

303  Petrenko Ibid.,  50,  133  (1906) 

301  Chikashig6 /Wd.,  51,  328  (1906) 

302  von  Vegesack TWJ.,  52,  30  (1907) 

299.4  Lewkonja Ibid.,  52,456  (1907) 

301.2       Kumakov,    Zemczuzny    and 

Tararin Ibid.,  83,200  (1913) 

301  Pavlovitch /.  Russ.  Phys.   Chem.  Soc,  47,  29   (1915) 

301 . 5  Roos  (Electrolytic  Tl) Z.  anorg.  Chem.,  94,  358  (1916) 

301 .7       Fuchs Ibid.,  107,  308  (1919). 

SB  Determinations  of  the  transition  point  of  thallium 

Trans, 
point 
*C.  Observer  Publication 

225  Levin Z.  anorg.  Chem.,  45,  31  (1905) 

226  Williams Ibid.,  50,  127  (1906) 

227  Petrenko /Wrf.,  50,  133  (1906) 

231 .6  Chikashig6 Ibid.,  51,  328  (1906) 

227  Kumakov  and  Puschin /Wd..  52,  430  (1907) 

230.5  Lewkonja Ihid.,  52,  456  (1907) 

234  Voss Ibid.,  57,  49  (1908) 

238  Donski Ibid.,  57,  185  (1908) 

229  Kumakov,    Zemczuzny    and 

Tararin.: TWrf.,  83,  200  (1913) 

226  Werner Ibid.,  83,  275  (1913) 

234  Pavlovitch /.  Russ.  Phys.  Chem.  Soc,  47,  29  (1915)  * 

233  Roos  (Electrolytic  Tl) Z.  anorg.  Chem.,  94,  358  (1916) 

231-233  Fuchs Ibid.,  107,  308  (1919) 

287  Nishikawa  and  Asahara Phys.  Rev.,  15,  38  (1920) . 
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certainty  on  the  liquidus  curve  for  thallium-mercury  mixtures  containing 
from  80-100%  of  thallium.  This  curve  therefore  seemed  worthy  of  further 
study.  Our  experiments  were  carried  out  in  a  large  test-tube  jacketed 
by  another  still  larger  test-tube,  the  thermometer  being  immersed  in  the 
melted  metal,  a  stirrer  being  provided  and  carbon  dioxide  being  led  into 
the  space  above  in  order  to  protect  the  metal  from  oxidation.  The  outer 
test-tube  was  heated  by  immersion  in  a  bath  of  melted  sodium  and  po- 
tassiiun  nitrates  suitably  controlled  in  temperatiu-e.  The  thermometer 
was  calibrated  in  precisely  the  same  way  with  piu-e  tin  certified  by  the 
U.  S.  Bureau  of  Standards  and  an  imported  pure  cadmium  (melting 
points  assumed  as  231.9°  and  320.7°  respectively). 


"IT  3* 

Fig.  1. — Typical  cooling  curves:  pure  thallium  and  two 
amalgams. 
Temperatures  are  plotted  as  ordinates ;  times  as  abscissas. 
The  unit  of  time  is  V«  minute  for  the  uppermost  curve; 
1  minute  for  the  two  lower  ones.  The  uppermost  curve  is 
for  pure  thallium,  the  middle  curve  for  a  solid  solution 
containing  1.1%  mercury,  and  the  lowest  curve  for  a 
solid  solution  containing  8.8%  of  mercury. 

With  this  apparatus  a  number  of  cooling  ciuves  of  pure  thallium  and 
of  the  various  amalgams  were  made.  They  were  usually  started  about 
15°  above  the  freezing  points  of  the  mixtiu-es  and  continued  to  about  40° 
below.  Three  typical  cooling  curves  are  given  in  Fig.  1;  one  for  pure 
thallium,  one  for  an  amalgam  containing  98.9%;  one  for  an  amalgam 
containing  91.2%  of  thallium. 

Discussing  the  pure  thallium  curve  first,  it  is  evident  that  at  303.5° 
the  marked  inflection  occurs  which  indicates  the  freezing  point  (and 
melting  point)  of  the  piu^e  metal.  This  temperatiu-e  was  found  uniformly 
as  303 .5°  in  all  our  pure  samples.     It  is  somewhat  higher  than  the  values 
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found  by  most  of  the  other  investigators,  possibly  becatise  of  greater  purity 
of  our  specimens.  At  235 . 3  ^  comes  another  smaller  inflection  correspond- 
ing to  the  transition  of  j9  to  a  thallium.  This  temperature  also  is  higher 
than  that  of  most  other  observations.  Because  of  the  small  heat  of  tran- 
sition, small  quantities  of  impurity  would  tend  to  lower  greatly  the  transition 
point,  unless  the  impiuity  is  isomorphous.  This  temperatiu-e  is  so  near 
the  standard  temperature  231 .9^  (the  melting  point  of  tin)  that  it  must 
have  been  accurately  determined  in  otu-  case. 

Turning  now  to  the  cooling  curves  of  the  amalgams,  we  see,  as  would 
be  expected,  that  the  freezing  point  becomes  less  marked  as  the  amount  of 
mercury  increases  and  that  it  is  sometimes  preceded  by  a  slight  depression 


ippMiplp 


Fig.  2. — Liquidus  curve  (freezing  points)  of  thallium 
amalgams. 
The  first  breaks  in  three  series  of  cooling  curves  (see 
Fig.  1)  are  here  plotted  to  show  the  linear  relation  of 
temperature  to  mercury  content.  The  last  series  (indi- 
cated by  circles)  was  by  far  the  most  accurate. 

due  to  supercooling.  Instead  of  breaking  sharply  again  at  the  downward 
turn,  these  curves  show  gradual  decrease  in  freezing  point  as  the  freezing 
proceeds.  This  may  be  taken  as  definite  evidence  of  the  formation  of 
a  solid  solution  of  mercury  in  thallium,  agreeing  essentially  with  the  re- 
sults of  Pavlovitch  and  of  Roos.^^  Of  coiu-se  the  maximum  temperature 
to  which  the  mixture  rose  at  the  commencement  of  solidification  after 
supercooling  wa^"  taken  as  the  freezing  point,  no  measiu-able  error  resulting 
from  the  smaD  amount  of  supercooling. 

The  results  for  the  freezing  point  are  suflSdently  indicated  by  the  ac- 
compan3ring  graph,  Fig.  2,  in  which  they  are  carefully  recorded,  the  graph 
«  Cf.  Ref.  19. 
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taking  the  place  of  a  printed  table.  In  drawing  the  curve,  the  last  most 
accurate  and  most  comprehensive  series  (index  0)  is  given  most  weight. 
The  other  earlier  series  (from  which  small  quantities  of  mercury  had 
certainly  evaporated  during  long  heating)  are  indicated  by  other  indices 
on  the  plot.  These  earlier  values,  Ijring  closely  together,  serve  to  show 
that  there  is  no  minor  inflection  in  the  curve.  The  absence  of  inflection 
indicates  that  the  solid  phase  produced  at  or  in  the  neighborhood  of  the 
temperatiure  of  freezing  with  mixtures  containing  less  than  20%  of  mer- 
cury consists  of  one  or  more  solid  solutions  rather  than  a  simple  chemical 
compound. 

At  first  sight,  it  might  seem  that  the  molecular  freezing-point  depression 
(i.  e,,  the  depression  produced  by  1  gram-atom  of  mercury  in  100  gram- 
atoms  of  solvent  thallium)  could  be  simply  calculated  from  this  curve, 
the  result  being  3 .  95®.  .  Heycock  and  Neville,  **  from  a  study  of  the  freez- 
ing points  of  dilute  solutions  of  gold,  silver,  and  platinum  in  thallium, 
concluded  the  molecular  freezing-point  depression  for  thallium  to  be 
6.31°,  from  which  they  calculated  the  latent  heat  of  fusion  of  thallium 
to  be  5. 12  calories  per  gram.  Robertson^*  determined  the  heat  of  fusion 
of  thallium  as  7.2  calories  per  gram.  The  molecular  freezing-point 
depression  may  be  calculated  from  this  datum  by  the  well-known  van't 
Hoff  equation, 

^      0.02  r« 

in  which  K  is  the  molecular  freezing-point  depression,  T  the  freezing 
point  of  the  solvent  on  the  absolute  scale,  and  L  the  molecular  latent  heat 
of  fusion  of  the  solvent.  Inthiscase,  T  =  273°  +  303.5°  =  576. 5°r  and 
L  =  7.2  calories  X  204. 1,  therefore  K  =  4.53°. 

This  result  is  much  lower  than  the  value,  6.31°,  obtained  by  Heycock 
and  Neville,  but  considerably  higher  than  the  value,  3.95°,  obtained  by 
direct  experiment  in  the  present  investigation.  The  value  3 .  95°  is  doubt- 
less too  low  because  of  the  formation  of  a  solid  solution  of  mercury  in 
thallitun,  as  the  formation  of  a  solid  solution  may  greatly  change  the 
freezing-point  depression,  tending  to  decrease  it  (even  making  it  negative 
in  the  case  of  the  solutions  of  lead  in  thallium). 

If  3. 95°  is  assumed  to  be  correct,  it  leads  to  the  value  8. 3  for  the  latent 
heat  of  fusion  of  1  g.  of  thallium. 

Our  solidus  ctu^e  (melting  point)  agreed  essentially  with  those  obtained 
by  Pavlovitch  and  by  Roos  by  thermal  methods. 

Densities  of  Concentrated  Thallitmi  Amalgams 
The  densities  of  the  solid  thallium  amalgams  were  determined  by  a 
method  similar  to  that  used  in  the  Harvard  laboratories  in  the  determina- 
«  Heycock  and  Neville,  /.  Chem.  Soc,  65,  31  (1894). 
"  Robertson,  ibid..  81,  1233  (1902). 
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tion  of  the  density  of  lead  from  radio-active  minerals.**  Great  care  was 
used  in  the  determinations,  which  were  conducted  at  20. 000°=*=  0.003°. 
Very  pure  dry  toluene  was  used  as  the  liquid  to  be  displaced  and  the  volume 
of  the  pycnometer  was  determined  by  pure  water.  Successive  readjust- 
ments and  weighings  of  the  same  sample  never  differed  by  more  than  0.3 
mg.  The  metal  was  cut  into  small  pieces  which  coidd  be  slipped  into  thie 
pycnometer,  and  all  oxide  was  scraped  from  its  surface.  The  metal  was 
covered  as  soon  as  possible,  and  air  bubbles  removed  either  in  a  vacuum 
or  by  shaking  (which  gave  identical  residts).  Amalgams  rich  in  merciuy, 
which  crumbled  into  fine  crystals,  gave  trouble  from  oxidation,  due 
possibly  to  the  large  surface  exposed;  this  error  was  avoided  by  rapid 
manipulation  and  by  avoiding  as  much  as  possible  the  disintegration 
of  the  amalgam.  A  preliminary  ^ries  made  with  old  amalgams  of  some- 
what doubtful  composition  and  giving  irregular  results  was  rejected. 
The  second  series  given  below  was  made  with  fresh  amalgams  made  for 
this  purpose.  The  samples  were  prepared  from  the  same  specimen  of 
pure  thallium  by  the  successive  addition  of  mercury,  melting  the  metals 
together  and  cooling  slowly.  A  small  amount  of  merciuy  was  lost  during 
the  successive  fusions,  but  the  amount  was  too  small  to  cause  any  error 
beyond  the  limits  of  experimental  error.  The  densities  and  specific 
volumes  of  the  several  amalgams  reduced  to  the  vacuum  standard  are 
given  in  the  following  table,  in  which  each  figure  represents  the  mean  of 
at  least  two  determinations.  The  last  value  (for  80.35%  thallium) 
came  from  crystals  formed  slowly  from  a  more  liquid  amalgam,  and  sepa- 
rated centrifugally  as  well  as  possible  from  the  residual  liquid.  The  separa- 
tion was  incomplete,  as  appeared  under  the  microscope ;  but  from  the  result 
(knowing  that  the  liquid  has  a  density  of  12.647  and  contains  43.3%  of 
thallium*)  it  is  easy  to  calculate  that  if  the  soUd  contains  85.4%  (as  indi- 
cated by  the  e.m.f.  meastu-ements)  the  percentage  of  liquid  in  the  mix- 

Tabls  II 
Dknsitibs  and  Spscijpic  VoiyUMSs  OP  THALLniM  Amalgams 


Wt..%  of  Tl 
in  amalgam 

Density  of 

amalgam 

Mean  value 

specific  volume  of 

amalgams 

Obs.                             Calc. 

DiflF.  X  1 

100 

11.849 

0.08440 

0.08440 

0 

99 

11.873 

0.08422 

0.08429 

-  7 

97 

11.874 

0.08422 

0.08408 

+  14 

95 

11.861 

0.08431 

0.08386 

+45 

93 

11.896 

0.08406 

0.08365 

+41 

91 

11.920 

0.08389 

0.08344 

+45 

89 

11.918(?) 

0.08391  (?) 

0.08323 

•  +68 

85.4 

12.021  (?) 

(0.08341)  (?) 

0.08285 

+56 

80.35 

12.082 

**  Richards  and  Wadsworth,  3rd,  This  JoxniNAi,,  38,  221  (1916). 
"  Richards  and  Daniels,  Ref .  4. 
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ture  was  12%  and  the  density  of  the  solid  crystals  12. 021.  Since,  as  will 
be  shown,  the  percentage  14. 6  of  mercury  is  probably  less  than  the  truth, 
this  value  is  probably  also  somewhat  too  small.  The  fourth  column 
gives  values  calculated  on  the  assumption  that  no  volume  change  occurred 
on  amalgamation,  and  the  last  cpltmin  indicates  the  extent  of  the  expan- 
sion on  amalgamation. 

These  results  cannot  be  considered  as  very  satisfactory;  probably 
protracted  investigation  would  be  necessary  to  obtain  exact  values. 
Especially  with  amalgams  poor  in  thallium  the  structure  of  the  soUd 
must  vary  with  the  speed  of  cooling;  moreover,  under  the  best  conditions 
the  first  crystals  which  appear  must  come  from  an  environment  richer 
in  thalliiun  than  the  later  ones.  Hence  the  samples  cannot  be  uniform 
in  composition,  and  may  well  change  in  volume  on  aging.  In  spite  of 
these  disadvantages,  however,  two  facts  appear  clearly  from  the  figures; 
first,  that  a  sharp  break  in  the  curve  appears  at  the  95%  point,  (the  den- 
sity having  been  but  sUghtly  altered  by  the  mercury  until  after  5%  had 
been  added),  and  secondly  that  marked  expansion  occurs  as  a  rule  on  amal- 
gamation. This  latter  fact  was  known  before  as  regards  liquid  amalgams. 
We  have  extended  it  to  the  solid  state.  The  results  will  be  plotted  later 
in  comparison  with  the  other  properties. 

Hardness  of  Amalgams 

Hardness  is  a  characteristic  physical  property,  but  one  which,  dependent 
upon  several  quite  distinct  magnitudes,  is  not  easily  defined.*'  None  of 
the  methods  for  determining  hardness  has  proved  wholly  satisfactory, 
because  of  the  varying  influence  of  the  tendencies  determining  this  prop- 
erty.   The  methods  are  as  follows :  (1)  resistance  to  scratching  or  cutting ; 

(2)  resistance  to  indentation  when  stressed  either  gradually  or  suddenly; 

(3)  elastic  reaction;  (4)  plastic  flow*^  (as  regards  soft  materials). 
With  thallitun  amalgams  the  first  method  shows  quaUtatively  a  dis- 
tinct increase  in  hardness  with  the  addition  of  small  quantities  of  mer- 
ciuy.  This  method,  however,  especially  with  soft  materials,  does  not 
give  satisfactory  quantitative  results.  We  have,  therefore,  depended 
primarily  on  the  second  method. 

.  Oiu"  first  tests  were  made  by  noting  the  diameter  of  the  depression 
produced  by  the  sudden  impact  of  a  small  hammer  with  a  hemispherical 
face.  Originally  it  had  been  intended  to  measure  the  height  of  the  re- 
bound of  this  hammer,  which  was  raised  by  the  suction  of  a  rubber  bulb 
to  the  top  of  the  glass  tube  where  it  was  conveniently  held,  to  be  released, 

«  C.  H.  Desch,  "MetaUography,"  1918,  p.  243. 
Walter  Rosenhain,  "Introduction  to  the  Study  of  Physical  Metallurgy,"  1914, 
p.  218. 

C.  V.  Boys,  Proc.  Phys.  Soc.  (London),  30,  83  (1918). 
^  Kurpakov  and  Zemczuzn^,  Jahrb.  Radioakt.,  11,  1  (1914). 
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when  desired,  by  pressure  upon  the  bulb.  The  rebotmd,  however,  was 
too  small  for  acctu-ate  measurement.  Accordingly  the  use  of  this  instru- 
ment** was  abandoned  as  regards  its  original  intention  and  the  diameters 
of  the  indentations  were  measured,  thus  using  the  apparatus  in  the  sense 
of  the  second  method  of  determining  hardness.  The  hammer  was  very 
small  and  the  depression  in  thaUium  only  1 . 0  mm.  in  diameter. 

These  preliminary  restdts  could  not  be  translated  into  the  usual  hardness 
numbers,  but  since  the  energy  of  the  falling  hammer  was  always  the  same, 
they  serve  as  a  good  index  *of  relative  hardness. 

Three  series  of  samples  of  thallium  were  used  in  this  test;  first  the  sam- 
ples which  had  been  for  4  months  under  saturated  thallous  sulfate  solution 
in  the  electrolytic  cells;  second,  another  set  of  similar  samples  which 
had  been  in  the  first  place  more  slowly  cooled  dining  their  original  prepa- 
ration; and  third,  2  samples  which  had  been  carefully  annealed  for  18 
hours  at  about  140°.  Many  measiu-ements  were  made  using  both  sides 
of  the  flattened  samples.  The  annealing  of  the  97%  and  93%  samples 
was  found  to  make  no  difference.  Some  of  the  samples,  measiu-ed  again 
after  from  4  to  7  months,  showed  no  significant  change.  A  summary  of 
average  results  is  given  in  the  following  table. 


Tablb  III 

Prbliminary  Dbtbrminations  of 

Hardness 

(Shore  scleroscope) 

t 

Average  diameter  of  depression  (in  n 

Wt.-%  Tl 

First  series 

Second  and  tl 

.  100 

1.00 

0.99 

99 

0.92 

0.97 

97 

0.84 

0.91 

95 

.... 

0.88 

94 

0.73 

.... 

93 

.... 

0.84 

91 

.... 

0.86 

90 

0.76 

.... 

89  ....  0.86 

88  0.76 

Evidently  there  is  a  marked  increase  in  hardness  up  to  about  6% 
of  merciuy,  after  which  the  hardness  slowly  diminishes  in  both  series. 
The  first  series  showed  a  greater  increase  with  added  merciuy  than  the 
second.  These  results  were  quaUtatively  similar  to  those  obtained  by 
Pavlovitch,^*  but  he  found  the  maximum  of  hardness  with  3%  of  merciu-y 
instead  of  with  6%. 

The  results,  especially  in  view  of  the  electromotive  force  and  density 
measurements,  were  sufficiently  interesting  to  warrant  a  more  careful 
study.     Accordingly,  a  more  searching  test  of  hardness  was  made  by  the 

*«  The  Shore  scleroscope,  dependent  on  elastic  reaction. 
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Brinell  method.^*  This  is  the  most  highly  developed  and  generally  used 
method  and  consists  in  pressing  a  hardened  steel  ball  under  a  measured 
load  into  the  siuiace  of  the  material  to  be  tested  and  measuring  the  diame- 
ter of  the  circular  indentation  produced. 

We  are  indebted  to  Professor  Albert  Sauveur  for  his  kindness  in  lending 
us  his  Brinell  apparatus  and  in  acquainting  us  with  some  of  its  subtleties. 

If  H  =  hardness  number,  L  =  load  in  kilograms,  A  =  area  in  sq.  mm. 
of  the  concave  surface  of  the  indentation,  and  R  =  the  radius  of  the  ball 

6 • 

in  centimeters,  then  H   =  L  vR/A,  approximately. 

We  used  a  ball  1  cm.  in  diameter;  hence  the  formula  becomes  H  =  L/A. 

When  a  constant  load  is  used  the  small  actual  deviation'®  of  H  from  a 
truly  linear  relation  to  L  becomes  imimportant.  An  upward  flow  of  ma- 
terial aroimd  the  compression  ball,  forming  a  ridge  on  the  rim  of  the  in- 
dentation, sometimes  complicates  the  matter.  In  our  experiments  this 
was  imimportant  except  in  the  case  of  pure  thallium,  where  the  flow 
was  downward  instead  of  upward.  Another  but  less  serious  complication 
(the  deformation  of  the  steel  ball  under  the  load)  was  not  sufficient  to 
affect  our  results  seriously,  and  since  we  always  used  loads  of  either  50 
kg.  or  100  kg.  in  each  of  these  series,  the  relative  values  in  either  series 
were  entirely  uninfluenced  by  it. 

Time  enters  to  some  extent  into  the  question  since  the  indentation 
does  not  immediately  attain  its  full  magnitude.  Experiments  showed, 
however,  that,  with  otu:  specimens,  the  depressions  produced  in  10  seconds 
and  in  30  seconds  were  essentially  identical;  therefore  the  latter  period, 
always  used  in  our  work,  was  doubtless  sufficient.  • 

For  the  Brinell  test  large  samples  of  the  amalgams  prepared  for  density 
determinations  were  employed.  The  cylinders  of  metal  were  about  2.20 
cm.  in  diameter  and  from  0.8  to  1.8  cm.  in  thickness.  They  were  pro- 
vided with  smooth  parallel  faces.  The  variation  in  thickness  of  the  cylin- 
ders had  no  effect  upon  the  results.  Each  sample  to  be  tested  was  placed 
on  a  movable  steel  plate  resting  upon  a  heavy  steel  coliunn  and  was  care- 
fully levelled.  Contact  between  the  surfaces  of  the  specimen  and  the 
ball  having  been  adjusted,  the  pressure  was  applied  (by  a  hydraulic 
testing  machine)  attaining  in  7  seconds  its  maximum,  which  was  main- 
tained for  exactly  30  seconds.  The  diameter  of  the  indentation  was  meas- 
ured with  a  micrometer  microscope.  The  higher  pressure  could  not  be 
used  with  the  softer  samples,  since  100  kg.  pressed  the  ball  so  deeply  into 
29  Brinell,  Communications,  pr6sentles  devant  le  congr^s  international  des  methodes 
d'cssais  de  mat6riaux  de  construction.  Paris,  3,  83  (1900).  BqumatericUenkund^, 
1900,  p.  276. 

*°  C.   Benedicks,   "Recherches   Physiques  et  Physico-Chimiques  sur  Tacier   au 
Carbone,"  Upsala,  1914,  p.  75. 

R.  P.  Devries,  "Comparison  of  Five  Methods  Used  to  Measure  Hardness/* 
Bur.  Standards  Tech.  Paper,  11,  (1912). 
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the  mass  of  thalliiun  that  a  collar  holding  the  ball  was  forced  into  the 
metal.  The  results  were  calculated  with  the  help  of  a  table  giving  LjA 
for  different  loads  and  diameters.'^  The  diameters  of  depressions  pro- 
duced in  thalliimi  (with  50  kg.  load)  varied  only  between  6.0  and 
Gil.  The  hardest  amalgam  (95%  thalliimi)  under  the  same  pressure 
gave  diameters  of  depression  varying  from  3 .  48  to  3 .  55  mm.  Under  100 
kg.  load  the  diameters  with  this  sample  varied  from  4.75  to  4.91. 
Below  are  given  the  averages  of  many  determinations  obtained  in  this  way. 
The  disintegrated  crystalline  macrostructure  interfered  with  accuracy 
in  the  case  of  the  89%  amalgam  and  entirely  prevented  the  determination 
of  hardness  when  more  mercury  was  present. 


\  1  -i  A  I  i 
Fig.  3. — ^Hardness,  specific  volume,  and  e.m.f.  of  thallium 
amalgams. 
The  respective  properties  are  plotted  quantitatively  as 
ordinates;  the  mercury  contents  of  the  several  amalgams 
are  plotted  as  abscissas.  For  hardness  the  usual  Brinell 
numbers  are  used ;  the  specific  volumes  are  in  cc.  per  gram ; 
the  unit  of  electromotive  force  is  the  millivolt. 


Table  IV 

Hardnbss  op  Scud  Thali^ium  Amaix;ams 

Brinell  hardness 

number 

Wt.  %  of  Tl 

60  kg.  load 

100  kg.  load 

100 

1.67 

.... 

99 

3.19 

.... 

97 

4.15 

4.85 

95 

4.99 

6.12 

93 

3.60 

3.85 

91 

3.66 

3.93 

89 

3.18 
"Laboratory  Experiments 

3.36 

•I  Sauveiir  and  Boylston, 

m  Metallurgy,"  Cambridge, 

Mass.,  1906.  p.  54. 
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The  hardness  numbers  show  a  marked  maximum  at  95%  thallium  under 
both  50  and  100  kg.  load.  The  numbers  with  the  different  loads  do  not 
exactly  agree.  In  general  it  has  been  observed  in  the  past  that  with  the 
Brinell  test  a  heavier  load  is  apt  to  give  higher  values  for  the  hardness 
numbers.  Possibly,  moreover,  the  scale  readings  for  the  presstu-e  were 
not  exact,  as  the  gage  was  not  calibrated  and  the  movement  of  the  needle 
was  small,  since  the  gage  was  intended  primarily  for  higher  pressures. 
Nevertheless,  the  results  are  amply  sufficient  for  our  ptupose.  We  were 
not  concerned  primarily  with  the  absolute  value  of  the  Brinell  numbers. 
Evidently  the  verdict  of  this  method  of  testing  hardness  is  essentially 
identical  with  that  given  by  the  improvised  method  with  the  Shore  sclero- 
scope. 

The  interpretation  of  the  results  is  interesting.  The  hardness  of  a  bi- 
nary mixture  depends  not  only  upon  the  hardness  of  its  constituents  indi- 
vidually, but  also  upon  the  condition  in  which  they  exist  in  the  mixture. 
Desch  and  Tammann  have  formulated  rules  which  define  some  causes 
of  the  changing  hardness  of  alloys.'*  Since  mercury  is  much  softer  than 
thalUiun  the  mixtures  should  be  softer  than  pure  solid  metal,  supposing 
that  no  solution  were  formed.  If  a  single  solid  solution  is  formed  and  no 
other  compUcation  exists  the  hardness  of  the  mixtures  should  increase 
to  a  maximum  with  equimolecular  proportions.  Both  of  these  suppo- 
sitions are  ruled  out  by  our  results,  which  show  a  maximum  with  5%  or 
6%  of  mercury. 

The  appearance  of  a  maximum  at  this  place  might  be  explained  by 
assuming  that  the  solid  thallium  molecule  contains  15  to  20.  atoms,  but 
this  explanation  would  demand  that  the  second  branch  of  the  ciu^e 
with  increasing  merctuy  should  fall  off  much  more  rapidly  in  hardness 
than  it  actually  does.  A  much  more  likely  explanation,  as  will  be  seen, 
is  that  at  5%  of  mercury  a  new  solid  phase  containing  thallium  in  a  dif- 
ferent modification  comes  into  existence.  This  is  especially  clear  when  the 
hardness  numbers  are  compared  with  the  results  for  electromotive  force, 
density  and  melting  point. 

Correlation  of  Results 
Let  us  review  the  conclusions  reached,  in  order  to  correlate  them. 
The  diagram  (Fig.  1)  will  assist  in  the  correlation.  In  Fig.  1  the  more 
trustworthy  values  (except  the  linear  freezing-point  curve  given  in  Fig. 
2)  are  plotted  in  the  same  diagram.  The  horizontal  axis  represents 
the  composition  of  the  amalgams,  and  along  the  vertical  axis  are  plotted 
first,  the  electromotive  forces   in    millivolts,  below,    then  the    specific 

»»  Desch,  Ref.  26,  p.  249. 
Tammann,  "Lehrbuch  der  Metallographie,"   1914,  p.  332.     Cf.  also  Desch, 
Trans.  Faraday  Soc.,  10,  251  and  254  (1915). 

Kuraakov  and  Zemczuzny,  Z.  anorg.  Chem.,  60,  1  (1908). 
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volumes  in  cubic  centimeters,  and  finally,  above,  the  Brinell  hardness 
numbers.  All  the  properties  unite  in  pointing  to  the  existence  of  a  solid 
solution  of  mercury  in  thallium  up  to  14.5%,  which  quantity  appears 
to  cause  saturation.  The  linearity  of  the  freezing-point  (liquidus)  curve 
had  shown,  as  already  stated,  the  absence  of  a  definite  compound  at  the 
melting  temperature  within  this  range.  On  the  other  hand,  the  three 
other  curves  in  the  diagram  show  striking  inflections  in  the  neighborhood 
of  5%  of  mercury,  and  two  of  them  show  inflections  again  with  about 
10%  of  mercury.    What  is  the  explanation  of  these  inflections? 

The  electromotive  force,  representing  free  energy,  is  the  most  convenient 
starting  place  for  the  reasoning.  Its  curve  (the  lowest  in  the  diagram) 
gives  clear  evidence  of  the  existence  at  first  of  a  single  solid  phase,  which 
increased  in  mercury  content  until  it  contained  about  4%  of  mercury. 
At  this  point,  a  second  solid  phase  must  have  appeared,  since  the  e.m.f. 
became  constant.'*  This  new  solid  phase  existed  in  equilibrium  with  the 
first  phase  throughout  the  length  of  the  horizontal  portion  of  the  curve 
down  to  91%  of  thaUium.  At  96%  the  mixture  must  have  consisted  en- 
tirely of  the  first  phase,  while  at  91%  it  must  have  consisted  entirely  of 
the  second.  As  the  thallium  content  decreased  beyond  this  point,  the 
second  phase  became  manifest  as  a  new  crystalline  form,  and  its  compo- 
sition changed  until  at  85.4%  its  potential  became  that  of  the  55% 
amalgam,  showing  that  a  liquid  phase  appeared  at  this  point.  Beyond 
this  point  the  solid  phase  and  the  liquid  phase  must  of  course  be  in  equi- 
librium imtil  the  solid  disappears  with  less  than  43. 3%  of  thallium.'^ 

The  other  properties  confirm  these  conclusions.  The  data  concerning 
hardness  foimd  in  the  present  investigation  likewise  point  to  the  solid 
solution  of  mercury  in  a-thallium  alone  at  20®  until  about  5%  of  merctuy 
has"  been  added,  and  they  are  consistent  with  the  assumption  of  the  ap- 
pearance of  a  second  soUd  phase  in  the  neighbqrhood  of  this  point  because 
here  the  hardness  ceases  to  increase  with  added  mercury. 

The  specific-volume  curve  reveals  an  increase  of  voliune  accompanying 
the  mixing  of  mercury  and  thaUium,  which,  as  before,  is  an  indication  of 
the  formation  of  a  soUd  solution.  The  break  in  the  continuity  of  the 
curve  at  5%  of  merctuy  can  only  indicate  a  change  in  the  number  of 
pha^ies  at  this  point ;  and  perhaps  another  change  occurs  also  at  about  11%. 
Thus  it  is  essentially  consistent  with  the  two  preceding  curves.    As  al- 

*'  The  phase  rule  demands  constancy  of  activity  at  constant  pressure  and  tempera- 
ture with  2  phases  and  2  components. 

**  Richards  and  Daniels,  Ref.  4.  The  appearance  of  the  liquid  phase  between 
86%  and  85%  was  indicated  also  by  the  results  of  examination  of  the  amalgam  with 
a  microscope,  as  an  85%  amalgam  was  found  to  contain  a  small,  but  appreciable,  quan- 
tity of  liquid.  A  trace  of  liquid  was  fotmd  in  freshly  prepared  86%  and  87%  amalgams, 
but  electromotive-force  measurements  showed  that  equilibrium  had  not  here  been 
established  when  the  sample  was  examined. 
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ready  stated,  however,  the  experimental  data  concerning  this  property 
were  not  very  satisfactory — more  would  be  needed  to  make  entirely  sure 
of  the  slight  breaks  in  the  curve. 

What  now  can  be  the  second  solid  phase  which  exists  in  equilibrium 
with  the  first  between  the  concentrations  of  about  4%  or  5%  and  about 
10%  of  mercury,  and  which  afterward  takes  in  more  and  more  mercury 
until  it  finally  dissolves? 

A  solid  solution  of  mercury  in  j8-thallium  is  the  only  substance  which 
seems  to  be  capable  of  producing  effects  consistent  with  the  facts.  The 
possible  existence  of  this  phase  even  at  room  temperatures  under  these 
conditions  is  easily  shown.-  The  transition  temperature  of  the  a  to  the 
P  enantiotropic  form  is,  as  has  been  said,  greatly  affected  by  impurities. 
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Fig.  4. — ^Phase  diagram,  showing  freezing  and  melting 
temperatures,  and  analogously  related  transition  limiting 
temperatures,  in  relation  to  mercury  contents  of  concen- 
trated thallitmi  amalgams. 

Pavlovitch  showed  that  1  atomic  per  cent,  of  mercury  lowered  it  from 
234.0®  to  212®,  at  the  same  time  decreasing  markedly  the  intensity  of 
the  arrests  in  the  cooling  curves.  With  more  mercury  these  arrests 
entirely  disappeared,  because  of  the  gradual  transition  of  the  soUd  so- 
lutions. When  in  Fig.  4,  the  ciu-ve  C,  depicting  change  of  transition 
temperatiu-e  with  concentration,  is  nevertheless  extrapolated  in  a  straight 
line  (in  analogy  to  the  liquidus  curve  A  in  Fig.  4,  which  was  shown  to 
be  very  nearly  linear),  it  appears  that  a  90.5%  amalgam  corresponds  to 
transition  at  20®.  Hence  any  amalgam  stable  at  20®,  poorer  in  thallium 
than  about  this  amount,  must  contain  only  the  j8  form  of  this  metal.  This 
is  probably  the  new  solid  solution  which  appeared  as  the  well-marked 
crystals  of  near-cubic  form  already  mentioned.  Evidently  the  solid 
amalgam  in  equilibrium  with  any  liquid  amalgam  must  be  this  P  solid 
solution. 
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Along  and  immediately  to  the  left  of  this  curve  C,  the  solid  solution  of 
mercury  in  /3-thallitmi  must  be  mixed  and  in  equilibritun  with  the  solid 
solution  of  cK-thallium,'*  which  latter  solution  must,  saturated  as  it  is, 
be  richer  in  thallium  than  the  former.  As  the  total  percentage  of  mercury 
is  diminished  (between  10%  and  5%)  at  any  one  temperature,  the  pro- 
portion of  a-thalliiun  must  increase,  until  the  mercury  present  corresponds 
to  the  exact  saturation  point  at  20°  of  the  a-amalgam  (about  5%  of 
mercury).  At  this  point,  with  ftulher  decrease  in  merciuy,  the  j8  phase 
will  entirely  disappear.    The  curve  D  represents  this  latter  dividing  Une. 

Thus,  five  fields  are  established  in  the  thermal  equilibrium  diagram, 
each  of  which  is  duly  labeled  on  the  accompanying  graph.  This  explana- 
tion seems  to  elucidate  adequately  all  the  widely  diverse  phenomena. 
Evidently  the  metals  expand  on  adding  mercury  to  form  the  a  solid  so- 
lution, but  no  great  change  of  volume  of  the  constituents  occurs  when 
additional  mercury  gradually  changes  the  a  into  the  jS  modification. 
Hence  occurs  the  break  in  the  specific  volume  curve  at  95%  thalliimi. 
Evidently,  too,  both  solid  solutions  are  harder  than  pure  thallium,  the  a 
solid  solution  being  somewhat  the  harder  of  the  two.  That  the  new  phase 
is  a  solid  solution  in  j8-thalliiun  rather  than  a  compound  (such  as  TlyHg 
or  TUHg)  is  probable,  not  only  because  a  compound  of  this  kind  is  per 
se  unlikely,  but  also  because  it  should  have  a  lower  potential  than  a  soUd 
solution  in  a-thaUium  containing  the  same  amount  of  mercury,  whereas 
in  fact  the  new  phase,  although  containing  much  more  mercury  than  the 
original  a  phase,  nevertheless  is  in  equilibrium  with  it. 

If  the  line  in  Fig.  3  which  represents  the  potentials  of  amalgams  consti- 
tuting the  second  phase  (containing  presumably  j8-thaUium)  is  produced 
to  meet  the  electromotive-force  axis  at  a  composition  of  100%  thallium, 
it  should  give  approximately  the  potential  of  piu*e  supercooled  j8-thallium 
against  a  55%  thaUitmi  amalgam  at  20°.  The  result  obtained  by  this 
extrapolation  is  3.8  miUivolts,  while  the  potential  of  pure  compact  a- 
thaUiiun  against  a  similar  amalgam  has  been  found  to  be  2. 1  miUivolts. 
The  difference  between  these  values  (1.7  milUvolts)  should  be  approxi- 
mately the  difference  of  potential  between  the  two  modifications  of  thaUium 
at  20°.  On  account  of  the  uncertainty  of  the  extrapolation,  the  result 
cannot  be  regarded  as  acctu*ate;  but  it  should,  at  least,  indicate  the  order 
of  magnitude  of  the  quantity.  From  this  it  may  be  calculated  that 
at  20°  the  free  energy  content  of  supercooled  j8-thalUum  would  be  nearly 
40  calories  per  gram  atom  higher  than  that  of  the  compact  a-modification. 
This  difference  is  nearly  three  times  that  found  for  spongy  thallium,  which 
could  not,  therefore,  have  been  metastable  j8-thallium. 

As  already  hinted,  the  nature  of  the  case  clearly  prohibits  great  exact- 

^  Roozeboom  has  shown  such  a  field  as  that  included  between  the  lines  C  and  D 
in  our  diagram  to  be  theoretically  necessary.     Z.  physik.  Chem.,  30,  417  (1899). 


Digitized  by  ^ 


lOogle 


544  THEODORE  W.  RICHARDS  AND  CHARI^ES  P.  SMYTH 

ness  in  the  data  for  these  solid  amalgams.  None  of  them  could  have 
been  perfectly  homogeneous,  since  the  portion  which  first  separated  on 
cooling  must  have  been  richer  in  thaUium  than  that  which  followed. 
The  electromotive  force  would  indicate  the  stuiace  conditions,  which  might 
not  represent  the  true  average.  The  hardness,  and  especially  the  density, 
probably  represent  a  fairer  average  of  the  whole  mass,  but  even  these 
latter  phenomena  may  be  much  influenced  by  speed  of  cooling,  which 
might  afPect.  not  only  the  magnitude  but  also  the  position  of  the  maxima 
of  the  ciu-ves.  Possibly  to  such  causes  may  be  ascribed  the  difference 
in  detail  between  otu*  results  for  hardness  and  those  of  Pavlovitch,  which 
nevertheless  qualitatively  agree  with  ours.  More  satisfactory  results 
might  be  obtained  by  quenching  the  amalgams  suddenly  in  very  cold  oil. 
For  this  extension  of  the  work,  time  has  not  yet  been  found.  We  hope  to 
continue  the  study  later. 

Similar  considerations  lead  to  the  belief  that  the  percentage  of  mercury, 
14. 5%,  indicated  for  the  saturation  point  of  soUd  /3-thallium  at  20^  may  be 
less  than  the  true  value.  Probably  crystals  separated  from  a  large  mass 
of  saturated  liquid  amalgam  immediately  in  the  neighborhood  of  20^ 
would  contain  somewhat  more  than  15%  of  mercury,  even  if  all  the  super* 
ficially  adhering  liquid  could  be  removed. 

In  spite  of  these  inherent  experimental  difficulties  of  the  problem, 
which  would  not  be  easy  wholly  to  eliminate,  it  seems  probable  that  the 
picture  here  presented  of  the  equilibria  between  mercury  and  large  con- 
centrations of  thallitmi  represents  the  essential  characteristics  of  these 
equilibria,  and  that  later  investigations  are  likely  to  affect  the  outcome 
only  in  minor  details. 

We  are  indebted  to  generously  granted  .funds  from  the  Carnegie  Insti- 
tution of  Washington  as  well  as  from  an  anonymous  benefactor  of  the 
University  for  most  of  the  apparatus  and  thallium  employed. 

Summary 

1.  Pure  thallium  in  compact  form  is  definitely  shown  to  possess  at 
20^  an  electrode  potential  2.1  millivolts  higher  than  saturated  thallitun 
amalgam.  When  immersed  in  a  solution  normal  in  thallous  ions  and  con- 
nected with  a  normal  calomel  electrode,  the  total  potential  0.6192  volt 
is  indicated  at  25°.  The  potential  of  pure  thallium  is  not  influenced  by 
quenching  the  metal,  whidi  is  so  soft  that  no  important  strain  can  exist 
in  it.  a-Thallium  is  the  only  phase  of  the  pure  metal  stable  at  room  tem- 
peratures. 

2.  Finely  divided  electrolytic  thallium  sponge  gives  a  potential  0.6 
millivolts  higher  than  the  compact  fused  form.  The  difference  is  probably 
due  to  the  fine  state  of  division,  and  disappears  on  long  standing.    The 
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the  removal  of  extraneous  and  included  water,  with  the  retention  of  the 
combined  water,  appear  to  have  received  little  attention.  Most  frequently 
the  procedure  has  consisted  in  drying  the  moist  crystals  between  filter 
papers*  or  in  exposure  to  the  air  for  a  limited  time.*  We  have  found  that 
samples  thus  prepared  come  quite  stuprisingly  close  to  the  theoretical 
composition,  usually  showing  an  excess  of  water  as  low  as  0. 3  to  0. 5%;  by 
a  happy  compensation  of  errors  they  might  contain  still  less,  but  as  the 
conditions  are  not  reproducible,  the  method  cannot  be  depended  upon 
if  a  high  degree  of  acctu-acy  is  desired. 

The  property  of  retaining  included  water  in  considerable  amount  is  not 
peculiar  to  oxalic  acid  but  it  is  well  known  that  the  phenomenon  is  general. 
Richards,  in  his  thorough  study  of  this  property,  says,^  "It  is  no  careless 
exaggeration  to  state  that  in  all  my  chemical  experience  I  have  never  yet 
obtained  crystals  from  any  kind  of  solution  entirely  free  from  accidentally 
included  mother-Uquor ;  and  I  have,  moreover,  never  found  reason  to  believe 
that  anyone  else  has.  The  amount  of  the  inclosure  varies  from  perhaps 
0.01  to  0.5%  of  the  total  weight  of  the  crystals."  It  is  apparent 
therefore  that  the  presence  of  included  water  is  to  be  expected  in  any 
hydrated  compound  which  may  be  proposed  as  a  standard,  and  since 
from  the  nature  of  a  hydrate  high  temperatures  cannot  be  used  to  f aciU- 
tate  its  removal,  we  have  a  source  of  error  not  easily  avoided.  The  method 
which  we  have  adopted  as  minimizing  this  error  consists  simply  in  powder- 
ing the  crystals  in  a  porcelain  mortar  tmtil  they  pass  a  100-mesh  sieve. 
This  operation  apparently  breaks  down  very  largely  the  cells  which  con- 
tain the  water,  and  the  large  increase  in  surface  permits  a  more  speedy 
removal  of  water  from  the  remaining  tmbroken  cells.  The  crystals  of 
oxalic  acid  are  brittle  and  easily  powdered;  we  have  not  been  able  to  ob- 
serve that  there  is  any  loss  of  water  of  hydration  due  to  the  heat  of  crush- 
ing. By  this  procediu-e  the  amount  of  included  water  may  be  quickly 
reduced  to  a  very  few  hundredths  of  a  per  cent,  as  will  be  shown  in  the 
experimental  part  following. 

In  order  to  accomplish  the  evaporation  of  the  superficial  and  included 
water  without  loss  of  water  of  combination,  it  is  of  course  necessary  to 
keep  the  crystals  in  an  atmosphere  in  which  the  aqueous  tension  is  less 
than  that  of  the  saturated  solution  and  equal  to  or  greater  than  the  vapor 
tension  of  the  hydrate.  Recent  measurements  by  Baxter  and  Lansing^ 
have  shown  that  this  vapor  tension  is  low,  rising  from  1. 15  mm.  at  15*^ 
to  2.65  mm.  at  25°,  the  usual  range  of  laboratory  temperatures.  We 
have    been  able  to   find    record    of  only    one    recommendation  of  a 

<  Thiele  and  Dechert,  Mohr,  Maumen^,  Ref.  3. 

•Fresenius,  Ref.  2. 

•  Richards,  Proc,  Am.  Phil.  Soc,  42,  28  (1903). 

7  Baxter  and  I^nsin^,  This  Journal,  42,  419  (1920). 


Digitized  by  LjOOQ IC 


548  ARTHUR  B.  HILL  AND  THOMAS  M.  SmTH 

desiccating  agent  suited  for  this  compound:  Richards,"  in  his  article  on 
the  rate  of  dehydration  of  crystaUized  salts,  states  ''crystallized  oxalic 
acid,  so  much  used  in  making  standard  solutions,  is  best  prepared  by 
placing  the 'powder  over  sulfuric  acid  of  specific  gravities  1.20  to  1.50; 
for  the  crystallized  substance  does  not  lose  an  essential  amount  of  water 
at  22^  in  an  atmosphere  containing  aqueous  vapor  at  a  tension  of  4  nun. ; 
while  the  aqueous  vapor  ttosion  of  its  saturated  solution  is  more  than 
15  mm."  The  vapor  tension  of  stilfuric  acid  of  the  densities  recommended 
by  Richards  is  about  4  mm.  to  about  15  mm.  There  is  no  doubt  that  this 
desiccating  agent  is  suited  to  the  purpose.  It  is,  however,  open  to  the 
objection  that  its  vapor  tension  varies  with  the  water  content  of  the  acid, 
so  that  in  time  the  acid  chosen,  having  become  diluted  with  water  taken 
up  from  the  air,  will  show  too  great  a  vapor  tension  to  accomplish  its  pur- 
pose. Speaking  more  generally,  it  may  be  stated  that  any  desiccating 
agent  chosen,  with  the  exception  hereafter  noted,  will,  if  in  equilibrium 
with  the  oxalic  acid  at  one  temperature,  be  out  of  equilibrium  at  some 
other  temperatm-e  such  as  may  be  met  with  in  laboratory  practice,  since 
the  vapor  tension  curves  of  the  desiccating  agent  and  the  oxalic  acid  will 
not  vary  uniformly  with  change  of  temperattu^. 

We  have,  accordingly,  made  use  in  our  experiments  of  the  principle 
that  a  hydrate,  its  next  lower  hydrate  and  water  vapor  form  a  tmivariant 
system,  in  which  a  saturated  solution  (represented  here  by  the  stuiace 
water  or  included  water)  must  at  any  temperatiu^e  dry  up  to  form  the  hy- 
drate only.  The  desiccating  agent  selected,  a  mixtiure  of  hydrated  oxalic 
add  and  anhydrous  acid,  is  easily  prepared  by  heating  the  hydrate  in 
a  large  porcelain  dish  upon  a  water-bath  for  a  few  hours,  which  produces 
suflBcient  conversion  into  anhydrous  compound  to  serve  acceptably. 
An  ordinary  desiccator,  fitted  with  a  layer  of  this  preparation  an  inch 
in  depth  is  suflScient  to  dry  a  considerable  quantity  of  hydrate  for  use  as 
a  standard.  The  various  forms  of  apparatus  devised  for  hastening  the 
dr3ring  of  the  hydrate  will  be  described  below. 

In  principle,  the  method  which  we  have  found  best  suited  to  give  a 
hydrate  of  constant  composition  consists  in  recrystallizing  the  oxalic 
acid  from  water  until  free  from  non-volatile  impurities,  draining,  freeing 
from  most  of  the  superficial  water  by  standing  over  partially  dehydrated 
oxalic  acid,  grinding  to  pass  a  100-mesh  sieve,  and  finally  drying  to  constant 
weight  again  over  the  same  desiccating  agent.  We  have  tested  the  crystals 
thus  prepared  for  their  oxidimetric  value  by  titration  with  potassium 
permanganate  solution. 

Experimental  Part 

The  weights  used  in  the  experimental  work  were  calibrated  according  to  the  method 
of  Richards;   the  balance  used  for  weighing  the  oxalic  acid  or  the  sodium  oxalate  fiad 

■  Richards,  Proc.  Am.  Acad,  Arts  Sci.,  33,  26  (1897). 
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a  sensitiTity  suffident  to  give  an  accuracy  of  0.1  mg.,  and  that  used  for  weighing  so- 
lutions in  the  weight  burets  gave  an  accuracy  of  1  mg. 

Sodium  oxalate  was  used  as  the  ultimate  standard  of  the  work,  the  salt  being  Sample 
No.  40  from  the  Bureau  of  Standards;  large  quantities  of  the  standard  were  first  heated 
to  105^  in  an  dectric  oven  for  5  hours  and  kept  in  a  desiccator  over  phosphorus  pen- 
toxide,  from  which  small  quantities  were  taken  for  further  heatmg  during  30  minuses 
immediately  before  use.  Two  permanganate  solutions  were  prepared,  one  directly 
from  a  commercial  analyzed  "Reagent,"  and  the  second  after  two  recrystallizations 
of  the  same  material  from  twice  distilled  water.  In  each  case  the  solution  was  filtered 
through  washed  asbestos  immediatdy  after  preparation  and  again  after  an  interval 
of  some  da3rs  through  a  Monroe  platinum  crudble.  The  water  used  was  in  all  cases 
twice  distilled,  and  the  bottles,  which  were  of  6  to  10  liters  capadty,  were  of  good  quality 
l^aas;  the  solutions  were  protected  from  the  action  of  light  when  not  in  use.  The 
two  solutions  did  not  differ  widdy  in  their  stability,  as  shown  in  the  anal}rses  of  Table  I. 

TablB  I 

Standardization  op  Potassium  Pbrmanganats  Soi^utions 

Solution  No.  1 


Av. 
G. 


^Md 

NaK:«0« 

KMn04 
8oln. 

KMn04  soln. 

equiv.  to  1  g. 

of  NaiCK)* 

D.jt 

O. 

G. 

G. 

0 

0.2400 

54.240 

226.00 

0.2401 

54.262 

226.00 

0.2399 

54.205 

225.95 

24 

0.2417 

54.618 

225.97 

0.2399 

54.219 

226.01 

0.2417 

54.634 

226.04 

52 

0.2405 

54.361 

226.03 

0.2399 

54.231 

226.06 

0.2404 

54.343 

226.05 

Solution  No.  2  (recrystallized  KMnOi) 
0.2400  53.914  224.64 

0.2406  54.031  224.57 

0.2412  54.155  224.53 


33 


67 


0.2412 

54.185 

224.64 

0.2402 

53.958 

224.63 

0.2312 

51.948 

224.68 

0.2402 

53.957 

224.63 

0.2403 

53.989 

224.67 

0.2404 

54.003 

224.64 

225.98 


226.01 


226.05 


224.58 


224.65 


224.65 


In  the  titrations  of  sodium  oxalate  or  of  oxalic  acid  against  the  permanganate, 
the  procedure  followed  was  that  recommended  by  McBride;'  the  solutions  were  kept 
at  70^  during  the  titrations,  the  acid  concentration  maintained  constant  by  use  of  10 
cc.  of  1:1  sulfuric  add  in  250  cc  of  solution,  and  the  permanganate  solution  added 
slowly  throughout.  In  order  to  minimize  experimental  errors,  weight  burets  were 
used  throughout,  the  greater  part  of  the  titration  being  performed  with  a  fifteenth  wdght- 
normal  permanganate  solution,  while  the  end-point  was  obtained  by  use  of  a  second 
weight  buret  containing  permanganate  of  just  Vio  the  concentration  of  the  first.    All 


» McBride,  This  JoimNAi,,  34,  393  (1912). 
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titrations  were  carried  out  by  daylight,  and  the  end-points  matched  with  a  permanent 
color  standard  made  by  addition  of  a  very  little  cobalt  nitrate  to  250  cc.  of  water  in 
a  flask  similar  to  those  used  in  the  titrations,  the  color  value  of  which  in  terms  of  per- 
manganate solution  was  determined  by  a  series  of  comparisons;  this  value  was  regu- 
larly subtracted  from  the  titration  end-point.  All  analyses  were  performed  in  trip- 
licate, and  all  analyses  are  included  in  the  tables  given. 

In  Table  I  are  given  the  analyses  of  the  two  permanganate  solutions 
which  were  used  in  the  investigation,  three  dates  being  selected  to  cover 
the  period  of  the  work.  The  figiures  of  Col.  1  give  the  elapsed  time  in 
dajrs  between  the  standardizations. 

From  the  foregoing  table  it  appears  that  the  maximum  variation  in 
any  group  of  three  analyses  is  0. 11  g.,  or  0.048%,  and  the  average  vari- 
ation 0.058  g.  or  0.025%;  the  maximum  variation  from  the  mean  is 
0.06  g.  pr  0.026%,  and  the  average  variation  from  the  mean  is  0.033  g. 

Tabus  II 
History  op  Oxai^ic  Aero  Crystal  Exposed  to  Am 
Sample  I  (Dec.-Mar.)  Sample  II  (Dec.-Mar.) 

(Large  crystals)  (Small  crystals) 

4.0981  g.  3.9150  g. 


Elapsed  time        Total  loss  in  weight 
Days                           Mg. 

* 

Total  loss  in  weight 
Mg. 

1 

2 

5.0 

40.6 

3 

5.3 

41.8 

4 

5.8 

42.1 

6 

5.9 

42.2 

7 

6.0 

42.2 

8 

6.2 

42.3 

9 

6.4 

42.5 

11 

6.4 

42.7 

12 

6.5 

42.8 

19 

6.7 

43.1 

28 

7.3 

43.4 

66 

7.9 

43.7 

112 

10.8 

47.4 

122 

11.2 
Anai^ysis 

48.0 
Anai^ysis 

H1C1O4.2H1O 

KMn04 
soln. 

KMn04  soln. 

equiv.  to  1  g. 

of  acid 

H,C«0«.2HsC 

KMnO« 
)        soln. 

KMn04  soln. 

equiv.  to  1  g. 

of  acid 

G. 

G. 

G. 

G. 

G. 

G. 

0.2296 

54.744 

238.43 

0.2303 

54.997 

238.81 

0.2300 

54.861 

238.48 

0.2302 

54.962 

238.71 

0.2297 

54.793 
Av. 

238.64 

0.2301 

54.927 
Av. 

238.71 

238.48 

238.74 

Requii 

•ed  by  calc. 
m  composition 

238.82 

Required  by  calc. 
Error  in  composition 

238.82 

Errpr 

0.34 

0.08 

pr 

-0.142% 

pr 

-0.03395 
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Sample  I  (Aug.-Nov.) 

Sample  II  (Aug.-Nov.) 

(Large  crystab) 

(Small  crystals) 

4.126  g. 

4.000  g/ 

BlftpMd  Ume       Total  loss  in  weight 

Total  loss  in  weight 

Days 

Mg. 

Mg. 

1 

•  •  •  • 

.... 

2 

9.6 

30.4 

3 

10.0 

30.2 

5 

10.0 

31.4 

6 

10.9 

31.7 

8 

11.1 

31.9 

10 

12.0 

32.0 

12 

12.1 

32.4 

14 

12.1 

32.3 

21 

13.2 

33.7 

82 

17.2 

38.6 

- 

Anai^tsis 

Analysis 

KMnOi  soln. 

KMnO«  soln. 

KMn04    equiv.  to  1  g. 

KMnO«    eqniy.  to  1  g. 

HsCfl04.2HsO 

soln. 

of  acid 

ffiCt04.2HsO 

soln.             of  add 

O. 

G. 

G. 

G. 

O.                    G. 

0.2299 

64.772 

238.40 

0.2300 

66.016       239.20 

0.2303 

64.898 

238.37 

0.2303 

66.098       239.26 

0.2298 

64.806 
Av. 

238.48 

0.2306 

66.166       239.33 

238.42 

Av.      239.26 

Required  by  cak 

ition 

238.82 

Require( 
Error  in 

ibycalc.         238.82 

Error  In  composi 

0.40 

composition       0.44 

or 

-0.163% 

or        +0.184% 

or  0.015%.  From  this  it  may  be  deduced  that  a  series  of  analyses  may 
be  depended  upon  to  about  0.02%.  This  is  also  the  limit  of  accuracy 
of  the  weighings,  which  may  be  in  error  by  0.05  mg.  It  also  appears 
that  the  permanganate  solutions  lost  in  strength  somewhat  in  a  period 
of  2  months,  the  loss  bemg  0.07  g.  or  0.031%  m  each  case;  apparently 
the  solution  made  from  the  recrystalKzed  salt  reached  equilibrium  in 
the  first  month.  For  the  purposes  of  comparing  the  oxalic  add  with  the 
sodium  oxalate,  discussed  later,  the  value  of  the  permanganate  at  the 
nearest  date  was  used. 

The  oxaUc  acid  used  in  the  experiments  was  a  sample  of  Baker's  anal- 
yzed c.  p.  preparation,  which  was  recrystaUized  three  times  from  hot  water. 
The  material  thus  obtained  gave  no  test  for  sulfates  or  chlorides,  and 
no  weighable  or  detectible  residue  upon  the  sublimation  of  a  4g.  sample 
from  a  platinum  crucible.  In  order  to  test  the  behavior  of  crystals  of 
the  size  usually  obtained  by  rectystallization,  the  material  was  treated 
by  two  different  procedures  in  the  third  recrystallization;  one  part  of  the 
solution  was  surrounded  by  ice  water,  and  cooled  as  quickly  as  possible, 
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with  stirring,  so  as  to  obtain  fine  crystals,  while  the  other  portion  was 
surrounded  by  hot  water  and  cooled  as  slowly  as  possible,  the  resulting 
crystals  being  quite  large.  It  would  seem  that  these  two  procedures 
should  give  the  maximum  and  minimum  size  of  crystals  likely  to  be  met 
with  in  ordinary  laboratory  practice. 

In  order  to  determine  the  rate  at  which  these  crystals  lose  their  included 
water,  they  were  exposed,  after  drainage,  to  the  air  of  the  laboratory  for 
extended  periods  of  time,  during  whidi  they  were  protected  from  dust 
and  kept  away  from  laboratory  fumes.  The  history  of  each  sample  was 
determined  by  careful  weighings  made  at  intervals  beginning  with  the  end 
of  the  first  24  hours  and,  finally,  at  the  end  of  3  to  4  months,  by  an  analysis 
with  the  standard  permanganate  solution.  The  results  are  given  in  Table 
II. 

The  four  samples  tested,  underwent  a  small  but  continuous  loss  of  weight 
during  periods  of  3  to  4  months,  when  exposed  to  the  atmospheric  conditions 
of  the  winter  months  as  well  as  those  of  late  stunmer  and  early  autumn. 
At  the  end  of  the  periods  of  exposiu-e,  the  crystals  showed  tmmistakable 
evidence  of  eflBLorescence,  and  white  stains  on  the  watch-glasses  indicated 
that  there  had  also  been  periods  of  slight  deliquescence.  Constancy  of 
composition  cannot,  it  appears,  be  obtained  by  the  method  of  direct 
exposure  to  the  air.  The  crystals  are,  however,  not  as  far  from  the  desired 
composition  as  might  be  expected,  the  variation  being  at  the  end  of  the 
period  between  +0.184%  and  —0.142%,  as  determined  by  analysis; 
the  number  of  grams  of  permanganate  solution  required  (Solution  No.  2, 
third  standardization)  has  been  calculated  by  taking  224 .  65  as  the  amotmt 
required  per  gram  of  sodium  oxalate,  and  using  134.01  and  126.048  as 
the  molecular  weights  of  oxalic  acid  and  sodium  oxalate  respectively. 
The  anal3rtical  data  for  the  samples  exposed  in  the  fall  have  been  multi- 
plied by  a  factor  to  bring  the  normality  of  the  permanganate  to  that 
used  in  the  earlier  determinations,  so  that  comparisons  may  be  simpler. 

It  may  be  concluded  from  the  preceding  table  that  crystals  as  ordinarily 
prepared  contain  several  tenths  of  a  per  cent.^®  of  included  water  when 
superficially  dry  (as  after  the  first  2  or  3  days  of  exposure),  and  that  ex- 
posure to  air  permits  a  gradual  loss  of  included  water  and  water  of  hydration 
as  well,  so  that  the  composition  may  pass  through  the  theoretical  value 
(by  the  compensating  errors  of  partial  efflorescence  and  small  inclusion 
of  water)  to  a  value  in  which  the  water  is  less  than  that  required  by  the 
formula. 

Experiments  were  conducted  to  determine  whether  ordinarily  prepared 
crystals,  as  described  before,  would  come  to  the  correct  composition  if 

^^  Preliminary  work  done  some  time  ago  by  Sister  M.  Augustina  Brobston  showed 
that  the  crystals  contained  from  0.30%  to  0.43%  of  included  water,  as  determined 
by  their  acidimetric  value  compared  with  analyzed  HtS04. 
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exposed  to  an  atmosphere  of  the  correct  vapor  pressiire.  The  samples 
were  set  in  ordinary  desiccators  over  the  mixture  of  anhydrous  and  hy- 
drated  oxalic  acid,  which  will  be  rtf erred  to  hereafter  as  the  desiccating 
mixture;    the  results  are  given  in  Table  III. 

Tablb  III 
History  of  Oxauc  Aero  Crystai«s  Dribd  ovbr  Desiccating  Mixturb 


Sample  III 

Sample  IV 

(Large  crystals) 

(Small  crystals) 

3.9076  g. 

3.9753  g. 

ElafMedtime 

1 
2 

rotal  loss  in  weight 
Mg. 

Total  loss  In  weight 
Mg.  ^ 

40.2 

100.2 

3 

41.2 

100.8 

4 

41.4 

100.8 

5 

41.8 

101.0 

6 

42.1 

101.2 

7 

42.3 

101.3 

8 

42.4 

101.4 

9 

42.5 

101.6 

10 

42.6 

101.7 

17 

44.6 

102.5 

24 

45.3 

103.5 

31 

46.3 

104.9 

38 

47.3 

105.6 

47 

48.2 

106.6 

74 

49.6 

108.2 

126 

54.6 

113.8 

137 

54.8 
Anai^tsis 

114.3 
Analysis 

H,Ci04.2H«0 

KMn0« 
soln. 

KMn04  soln. 

equiv.  to  1  g. ' 

of  add 

KMnO«  soln. 
KMnO«      equiv.  to  1  g. 
H>Ct04.2HsO        soln.               of  add 

G. 

G. 

O. 

G. 

o.               o. 

0.2304 

54.888 

238.23 

0.2301 

54.856        238.40 

0  2302 

54.853 

238.28 

0.2300 

54.836       238.41 

0.2301 

54.834 
Av. 

238.30 

0.2299 

54.821        238.46 

238.27 

Av.      238.42 

Required  by  cal 

Ic. 
sition 

238.82 

Require 
Error  in 

dbycalc.         238.82 

Error  in  compoi 

0.55 

composition       0 .40 

or 

-0.230% 

or       -0.167% 

The  crystals  thus  treated  showed  no  evidence  of  efflorescence  at  the  end 
of  the  period  of  4  months,  but  still  contained  relatively  large  amounts 
of  included  water  (0. 167  to  0. 230%).  It  is  clear,  therefore,  that  the  mate- 
rial cannot  be  brought  to  a  fixed  and  correct  composition  by  any  sort  of  ex- 
posure, as  long  as  the  crystals  are  of  considerable  size,  and  that  powder- 
ing of  the  material  is  a  necessity  if  an  accurate  standard  is  desired. 
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In  order  to  obtain  a  finely  powdered  sample  for  use  as  a  standard,  it 
was  found  necessary  to  secure  a  superficial  dryness  suitable  for  crushing 
by  placing  the  ordinary  crystals  in  a  desiccator  over  the  desiccating  mix- 
ture; if  they  have  been  previously  whirled  in  a  centrifugal  machine  they 
become  dry  enough  for  further  treatment  in  a  day's  time.  They  were 
then  crushed  in  a  glazed  porcelain  mortar,  passed  through  a  100-mesh 
sieve  of  copper  gauze,  and  tested  in  the  several  ways  given  below. 

The  simplest  procedure,  as  regards  effort,  was  found  to  consist  in  letting 
the  powder  attain  equilibrium  in  the  desiccator.  Tests  as  to  the  effec- 
tiveness of  this  method  are  given  in  Table  IV,  in  which  the  changes  of  weight 
have  been  followed  over  a  time  interval  of  3  months  and  checked 
by  an  analysis  at  the  end  of  the  period.  Permanganate  solution  No.  2, 
third  standardization,  was  again  used. 

Tabi^  IV 
History  op  Pui,v«rizkd  Oxawc  Acid  Crystals  in  Desiccator  ovbr  Dssiccating 

MiXTURB 


Sai 

nplel 

Sample  II 

(Large  crystals,  ground)    (Small  cryst^,  ground) 

3.6992 

g. 

3.6029  g. 

Elapsed  time 

Total  loss  in  weight           ToUl  lost  in  weight 
Mg.                                      Mg, 

1 
2 

0.0 

0.0 

3 

0.1 

0.1 

4 

0.2 

0.1 

13 

0.3 

0.3 

21 

0.4 

0.4 

42 

0.4 

0.5 

97 

1.1 

1.0 

AnBlysis 

Analysis 

KMn04 
HsCi04.2Hi0        soln. 

KMnO«  soln 
equiv.  to  I  g, 
of  acid 

HiCt04.2HiO 

KMn04 
soln. 

KMn04  soln. 

equiv.  to  I   g. 

of  9cid 

G.                    O. 

O. 

G. 

G. 

G. 

0.2301        54.959 

238.85 

0.2300 

54.940 

238.87 

0.2299        64.919 

238.88 

0.2304 

56.032 

238.86 

0.2298        54.886 

238.84 

0.2302 

54.995 
Av. 

238.90 

Av. 

238.86 

238.87 

Required  by  calc. 

238.82 

Required  by  calc. 
Error  in  composition 

238.82 

Error  in  composition 

0.04 

0.05 

or 

+0.017% 

or 

+0.021% 

The  crystals  thus  prepared  vary  from  the  theoretical  composition 
by  only  about  0.02%,  in  the  direction  of  deficiency  of  water;  the  varia- 
tion is  of  the  same  magnitude  as  the  errors  of  analysis.  If  the  loss  during 
standing  after  the  first  day,  which  amounts  to  1.0  mg.  and  1.1  mg.,  re- 
spectively, be  added,  it  appears  that  at  the  end  of  that  period  also  the 
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composition  agrees  with  theory  within  0. 02%,  in  the  direction,  however,  of 
excess  of  water. 

Attention  was  given  to  the  problem  of  hastening  the  drying  of  the  pow- 
der, so  that  the  time  required  for  the  preliminary  and  final  drying  might 
be  reduced  to  a  matter  of  hours  in  place  of  the  2  days  necessary  when 
a  desiccator  is  used.  It  seemed  probable  that  that  end  could  be  secured 
if  a  current  of  air  of  correct  aqueous  tension  could  be  substituted  for  the 
closed  space  of  the  desiccator.  A  preliminary  apparatus  devised  for  this 
purpose  consisted  of  a  small  bell  jar,  in  which  the  crystals  were  placed  in 
»  a  crystallizing  dish,  and  the  apparatus  inserted  into  a  larger  jar  of  mercury; 
the  neck  of  the  bell-jar  was  fitted  with  an  outlet-tube  and  an  inlet-tube, 
the  latter  being  connected  with  two  15cm.  U-tubes  filled  with  the  usual 
desiccating  agent,  and  the  former  running  to  a  guard  tube  and  thence 
to  a  water  pump.  When  a  moderately  rapid  stream  of  air  was  drawn 
through  the  apparatus,  it  was  found  that  the  preliminary  drying  could 
be  accomplished  in  30  to  60  minutes,  and  the  final  drying  of  the  powder 
in  1  hour.  During  the  course  of  the  experiment,  however,  it  was  fotmd 
that  the  action  of  the  current  of  air  for  a  period  of  17  to  20  hours  resulted 
in  a  distinct  loss  of  water,  analysis  showing  a  deficit  of  0. 16%  and  0. 22% 
of  water  in  two  groups  of  analyses.  The  explanation  appears  to  be  that 
the  aqueous  tension  of  the  air  used  (it  being  mid-winter)  was  too  low, 
and  that  equilibrium  was  not  attained  in  the  rapid  passage  of  the  air 
through  the  drying  tubes.  To  eliminate  this  source  of  error,  a  wash- 
bottle  containing  a  saturated  solution  of  oxalic  acid  was  set  at  the  begin- 
ning of  the  train;  the  air  passing  through  this  should  take  up  more  than  the 
necessary  amotmt  of  water,  which  should  be  reduced  to  the  correct  amotmt 
in  passing  through  the  U-tubes.  The  use  of  this  device  ended  the  ap- 
parent dehydration  of  the  crystals.  In  Table  V  are  given  the  results 
obtained  with  the  train,  the  first  three  analyses  being  conducted  without 

Tabls  V 
PowDBRSD  OxAUC  Acm  Dri^d  in  Ant  Current  in  Bsix-jar 

KMnOl  KMnO«  tolution  equiv. 


Time  of  drying 

HsCi04.2Hs0 

sohi. 

to  1  g.  of  acid 

Boon 

O. 

O. 

O. 

1 

0.2800 

65.272 

240.31 

2 

0.2297 

55.194 

240.29 

3 

0.2304 

55.264 

240.25 

20 

0.2304 

66.372 

240.33 

20 

0.2292 

66.089 

240.36 

20 

0.2303 

66.339 

Av. 

240.29 

240.30 

Required  by  calc 
Brrar  in  compositioa 

240.27 

0.03 

or 

0.012% 
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the  use  of  the  saturated  solution  and  the  second  three  with  its  use.  Po- 
tassium permanganate  No.  1,  second  standardization  (see  Table  I),  was 
used  in  the  analyses. 

It  appears  from  Table  V  that  the  powder  is  completely  dried  in  as  short 
a  time  as  1  hour,  and  that  there  is  no  detectible  change  in  20  hours 
in  a  current  of  air  properly  prepared.  It  remained  only  to  modify  the 
apparatus  if  possible  in  the  direction  of  greater  simplicity  and  convenience. 
The  apparatus  which  we  have  found  best  suited  is  made  from  a  30cm. 
length  of  rather  wide  combustion  tubing,  into  which  the  crystals  are  inserted 
in  a  porcelain  combustion  boat  of  the  usual  form;  the  U-tube  of  the  desic- 
cating agent  and,  for  safety's  sake,  the  wash-bottle  of  saturated  oxalic 
acid  solution  are  connected  as  before,  and  the  preliminary  and  final  drying 
carried  on  for  30  minutes  and  1  hour  respectively.  Table  VI  gives  a  series 
of  analyses  conducted  in  this  fashion,  but  without  the  use  of  the  saturated 
solution  in  the  train.  Permanganate  solution  No.  1,  second  standardiza- 
ticm,  was  used  in  the  analysis. 


TablS  VI 

IN  Ant  CURRKNT  ] 

tN  Combustion  Tubing 

Time  of  final 
drying 

HiCt04.2HsO 

KMnOt 
solution 

KMnOi  Mln.  eqnir. 
to  1  g.  of  add 

Houn 

O. 

G. 

O. 

1 

0.2300 

55.286 

240.87 

1 

0.2309 

65.517 

240.44 

1 

0.2304 

56.367 

240.26 

1 

0.2310 

65.516 

240.33 

2 

0.2297 

55.210 

240.36 

3 

0.2301 

56.295 

240.31 

1 

0.2295 

56.153 

240.32 

2 

0.2310 

55.511 

240.31 

3 

0.2299 

66.245 

Av. 

240.30 

240.33 

Required  by  calc. 
Error  in  composition 

240.27 

0.06 

or 

+0.026% 

From  the  series  of  analyses  obtained  it  may  be  stated  that  hydrated 
oxalic  acid,  as  prepared  above,  agrees  with  sodium  oxalate  in  reducing 
effect  upon  permanganate  to  within  0.025%,  the  acid  appearing  to  have 
a  reducing  value  greater  by  that  amount  than  the  value  calctdated  from 
its  molecular  weight.  This  small  difference  is  of  the  same  order  as  the  error 
in  the  analysis,  but  from  the  frequency  of  its  occurrence  it  does  not  seem 
to  be  mere  chance  error.  It  may  be  explained  possibly  as  due  to  that 
amotmt  of  error  in  the  composition  of  the  Bureau  of  Standards  sodium 
oxalate,  or,  as  seems  more  probable,  to  the  occurrence  of  inequalities  in 
temperature  in  the  desiccator  during  laboratory  working  conditions. 
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which  might  produce  a  partial  eflSorescence  of  the  exposed  hydrate.    The 
point  is  left  unsettled  at  this  time. 

It  is  our  purpose  to  compare  oxalic  acid  prepared  in  this  manner  with 
other  standards  used  in  addimetry,  and  to  test  the  same  method  of  prepa- 
ration in  the  study  of  other  hydrated  compotmds  used  as  standards,  in- 
cluding Mohr's  salt  and  copper  stdfate.^^ 

Summary 

1.  Crystals  of  hydrated  oxalic  acid  as  usually  prepared  from  aqueous 
solution  contain  several  tenths  of  a  per  cent,  of  included  water,  which  is 
not  wholly  lost  by  4  months'  exposure  to  atmospheres  of  the  same  aqueous 
tension  as  the  crystals  or  higher. 

2.  Cr3rstals  superficially  dry  will  lose  this  included  water  in  about  24 
hours'  time  if  ground  to  pass  a  100-mesh  sieve  and  set  in  an  atmosphere 
of  an  aqueous  tension  in  equilibrium  with  the  hydrate. 

3.  A  mixture  of  hydrated  and  anhydrous  oxalic  acid  is  the  only  desic- 
cating agent  giving  an  aqueous  tension  in  equilibrium  with  the  hydrate 
at  all  temperatures. 

4.  The  powdered  hydrate  can  be  dried  in  about  1  hoiu-'s  time  in  a  cur- 
rent of  air  passed  over  this  desiccating  mixture,  so  that  its  oxidimetric 
value  agrees  with  that  of  sodium  oxalate  within  0.025%. 

New  York,  N.Y. 

[Contribution  prom  the  Chemistry  Department,  University  op  Washington] 

THE  MEASUREMENT  OF  0VERV0LTA6E 

By  Herman  V.  Tartar  and  Harmon  E.  Keyes 

Received  December  8,  1921 

Introduction 

It  is  now  generally  agreed  that  overvoltage  is  an  electromotive  force 
which  acts  counter  to  the  applied  e.m.f.  during  electrolysis.  For  the 
purpose  of  this  paper  hydrogen  overvoltage  is  defined  as  an  e.m.f.  which  is 
the  difiference  of  potential  between  a  reversible  hydrogen  electrode  and  an 
electrode  surface  at  which  hydrogen  gas  is  being  formed  from  hydrogen  ions 
by  electrolysis,  both  potential  measurements  being  referred  to  the  same 
electrol)^e. 

Opinion  has  been  divided  as  to  the  proper  method  of  determining  over- 
voltage, especially  when  high  and  varied  current  densities  are  used.  Two 
distinct  methods  of  measurement  have  been  employed;  (1)  the  commu- 

1^  The  possible  use  of  a  mixture  of  hydrate  and  anhydrous  compound  as  a  drying 
agent  came  to  the  attention  of  one  of  us  in  conversation  some  20  years  ago  with  Prof. 
Robert  W.  Hall,  then  professor  of  analjrtical  chemistry  at  New  York  University.  It 
b  not  remembered  that  Professor  Hall  claimed  originality  for  the  idea,  and  we  have 
not  been  able  either  to  find  its  origin  or  to  hear  that  it  has  ever  been  tested. 
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tator  method  in  which  the  current  is  periodically  interrupted  with  a  rapidly 
rotating  commutator;  (2)  the  direct  method,  in  which  the  electrode  po- 
tential is  determined  while  the  current  is  flo^dng.  The  latter  method  al- 
ways gives  the  higher  result.  In  either  case  the  measurements  are  made 
with  a  hydrogen  electrode  or  indirectly  with  any  standard  electrode.  It 
is  unnecessary  here  to  give  any  review  of  the  quite  voluminous  literature 
reporting  the  results  obtained  by  these  methods.  The  methods  them- 
selves will  be  presented  more  fully  in  a  later  part  of  this  paper. 

Any  correct  method  of  measiu-ement  must  fulfil  the  first  two  and,  if 
the  current  is  interrupted,  all  of  the  following  requirements:  (1)  neither 
the  size  nor  shape  of  the  containing  vessel  nor  the  distance  between  anode 
and  cathode  should  exert  any  influence;  (2)  by  definition,  the  value  fotmd 
must  represent  an-e.m.f.  and  not  a  resistance;  this  entails  the  elimination 
of  appreciable  potential  drops  due  to  resistance  of  electrol)^e  or  any  re- 
sistance of  whatever  nature  at  the  stuface  of  the  electrode;  (3)  if  measure- 
ment be  made  while  the  current  is  interrupted  the  counter  e.m.f .  must  be 
instantaneously  constant  and  have  the  same  value  as  when  the  exciting 
current  is  flowing;  there  must  be  no  fall  of  potential  during  the  period  of 
interruption. 

The  aim  of  the  work  here  presented  was  to  compare  simultaneously  the 
two  methods  of  measurement  by  obtaining,  at  a  certain  point  in  the  pro- 
cedure, a  potential  of  known  value.  To  secure  this  condition  advantage 
was  taken  of  the  fact  that  a  metal,  such  as  zinc,  which  is  above  hydrogen  in 
the  electromotive  series,  may  be  deposited  electrolytically  from  a  strongly 
acid  solution  of  its  salts,  upon  a  cathode  of  a  metal  of  lower  overvoltage, 
as  for  example  copper  or  nickel,  by  simply  raising  the  current  density  until 
a  transition  point  is  reached  when  zinc  is  deposited  instead  of  hydrogen. 
The  deposition  of  zinc  occurs,  of  course,  when  the  cathode  surface  has 
reached  the  potential  of  zinc  in  the  electrol)^e. 

By  way  of  acknowledgment,  the  writers  wish  to  state  that  they  were 
led  to  this  method  of  attack  through  the  work  of  U.  C.  Tainton*  in  which  he 
sought  to  ascertain  the  critical  current  densities  necessary  for  the  deposi- 
tion of  zinc  upon  metals  of  lower  overvoltage. 

Experimental  Part 

Apparatus  and  Materials.— The  apparatus  consisted  of  aLeeds  and  Northrup  potenti- 
ometer of  the  smaller  type,  a  Leeds  and  Northrup  galvanometer  of  the  portable 
lamp  and  scale  type,  a  rotating  commutator  driven  by  an  electric  motor,  lead  storage 
cells,  resistances,  normal  calomel  electrode,  hydrogen  electrode  and  experimental  cell. 
The  arrangement  of  the  apparatus  is  shown  in  Fig.  1. 

The  electrodes  of  the  experimental  cell  were  drcular  discs  1  cm.  in  diameter,  soldered 
on  one  side  to  copper  wires  which  were  sealed  mto  glass  tubes.    This  side  of  the  electrode 

^  Unpublished  work  now  being  presented  to  the  American  Electrochemical  Society. 
Mr.  Tainton  was  assisted  by  one  of  us,  Keyes. 
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and  any  exposed  copper  wire  were  completely  covered  with  sealing  wax.  Cathodes  of 
copper,  nickel,  lead,  iron  and  bright  and  platinized  platinum  were  used  with  a  lead 
anode.  Previous  to  each  test  the  electrodes  were  cleaned  with  nitric  acid,  if  necessary, 
and  then  rubbed  with  No.  00  sandpaper  to  give  a  surface  as  nearly  uniform  as  possible. 

The  commutator  used  was  carefully  tested  for  short  circuits  and  mechanical  de- 
ficiencies, to  avoid  any  errors  due  to  faulty  construction  or  improper  manipulation. 

The  electrol3rtes  used  were  made  of  distilled  water  and  "c.  p.  Analyzed"  sulfuric 
add  and  zinc  sulfate.  Further  purification  of  these  chemicals  was  found  not  to  modify 
the  experimental  results. 


rO 


V- 


Fig.  1. 


A,  Exp.  cell 

B,  Capillary  connection 

C,  Cell  electrolyte 

D,  Sat.  KCl  solution 

E,  iV-Calomel  electrode 

F,  Commutator 


G,  Galvanometer 

K,  Key 

P,  Potentiometer 

5,  Standard  Weston  cell 

M,  Milli-ammeter 


Results  of  duplicate  tests  confirmed  the  observations  of  previous  workers 
that  overvoltage  varies  with  the  nature  of  the  electrode  surface,  and  also 
with  time.  For  this  reason  it  was  difficult,  after  cleaning  an  electrode, 
to  obtain  results  closely  agreeing  with  former  values  obtained  with  the  same 
electrode  under  similar  conditions  of  time  and  ciurent  density.  Since  the 
main  purpose  of  these  experiments  was  to  determine  overvoltage  by  the 
two  methods  of  measurement,  at  a  given  time,  and  to  compare  tlie  two 
values  with  a  known  potential,  any  change  of  overvoltage  by  altering  the 
degree  of  smoothness  of  the  electrode  siuiace  was  considered  immaterial. 

Throughout  the  paper  reference  is  made  to  the  value  of  the  zinc  potential. 
This  was  obtained  in  the  following  manner. 

A  lead  electrode  and  a  zinc  electrode,  upon  which  a  new  surface  of  zinc  had  been 
deposited  electrolytically,  were  placed  in  the  solution  of  sulfuric  add  and  zinc  sulfate. 
A  current  was  passed  for  a  moment  through  this  cell  at  a  sufficient  e.m.f.  to  deposit 
zinc.  The  circuit  was  then  opened  and  the  potential  of  the  zinc  cathode  taken  when 
it  had  reached  a  fairly  constant  value  using  a  normal  calomel  electrode.  The  values 
secured  from  separate  trials  agreed  within  2  millivolts.  When  the  circuit  was  opened 
the  potential  quickly  dropped  a  small  amount  and  then  remained  constant  for  a  time 
before  appreciable  action  of  the  acid  upon  the  metal  took  place;  the  potential  during  this 
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period  of  constancy  was  taken  to  be  that  of  zinc  in  the  solution  in  question.  The  value 
obtained  was  found  to  equal  the  back  e.m.f .  as  shown  by  the  commutator  method,  when 
zinc  was  being  deposited  at  very  low  current  densities.  While  the  determination  cannot 
be  regarded  as  very  exact,  it  was  found  to  be  sufficiently  accurate  for  the  work  herein 
reported.  In  presenting  the  data  which  follow  it  has  been  found  convenient  in  each 
case  to  express  the  zinc  i)otential  in  terms  of  the  hydrogen  overvoltage  corresi)onding 
to  the  same;  i.e.,  the  difference  in  volts  between  the  potential  of  the  zinc  and  that  of  the 
reversible  hydrogen  electrode. 

It  was  found  convenient,  throughout  the  experiments,  to  employ  a 
normal  calomel  electrode  instead  of  a  hydrogen  electrode  for  measuring  the 
cathode  potentials,  and  separately  to  determine  the  hydrogen  potential 
for  the  solution.  The  latter  was  accomplished  with  the  use  of  the  same 
calomel  electrode;  2  hydrogen  electrodes  were  used  which  gave  identical 
results.  From  the  data  secured  the  difference  between  the  various  cathode 
potentials  and  that  of  the  reversible  hydrogen  electrode  (the  overvoltage) 
was  easily  calculated.  In  all  cases  a  sattu-ated  potassium  chloride  solution 
was  employed  to  connect  the  2  electrodes,  to  minimize  any  liquid-liquid 
potential.  The  unavoidable  variations  caused  by  changes  in  the  electrode 
siuiace,  time,  etc.,  are,  with  both  methods,  of  sufficient  magnitude  to 
overshadow  completely  corrections  for  liquid-liquid  potential  or  small 
changes  of  temperature.  The  measurements  were  made  at  approximately 
20°. 

In  the  direct  method,  great  care  must  be  taken  to  ascertain  the  potential 
between  the  cathode  surface  and  the  electrolyte  in  immediate  contact 
with  it.  To  eflfect  this,  the  solution  connecting  the  standard  elec- 
trode was  connected  with  the  experimental  electrode  by  means  of  a  capillary 
tube  of  about  1  mm.  in  diameter,  the  end  of  the  capillary  being  not  more 
than  0.2  mm.  from  the  surface  of  the  cathode.    See  B,  Fig.  1. 

To  determine  whether  the  direct  method  satisfies  Requirement  1  men- 
tioned above,  an  experiment  was  carried  out  using  bright  platinum  elec- 
trodes in  dil.  sulfuric  acid  and  measuring  the  cathode  potential  at  constant 
current  density  but  var3dng  the  distance  between  the  electrodes.  The 
results  obtained  are  given  in  Table  I. 

Tablb  I 

E^BCT  OP  Elqctrodb  Spacing  on  Potential  Mqasurbbibnts  by  tr9  Dirbct  Mstbod 

Solution:  dil.  sulfuric  acid 

Cathode  potential.  Cathode  potenUal, 

Electrode        calomel  electrode  Electrode  calomel  electrode 

Current  spacing    being  taken  as +0.56  volt  Current  spacing     being  taken  as +0.66  yolt 

Amp.  Cm.  Volts  Amp.  Cm.  Volts 

-0.654  0.200  15.0  -0.660 

-0.666  f  10.0  -0.371 


0.200        {    0.5  -0.656  0.800  <    8.0  -0.371 

-0.657  I    0.6  -0.3704 

[    0.6  -0.661 

The  results  show  that  changes  as  great  as  30  times  the  cathode-anode 
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spacing  did  not  appreciably  alter  the  cathode  potential,  the  ciurent  density 
remaining  constant.  However,  moving  the  capillary  away  from  the  elec- 
trode surface  greatly  increased  the  potential  reading.  The  size  or  shape 
of  the  containing  vessel  was  found  not  to  influence  the  results. 

It  appeared  obvious  that  results  obtained  by  the  commutator  method 
would  be  independent  of  the  relative  distances  of  the  anode  and  cathode  as 
well  as  of  the  position  of  the  bridge  connecting  the  cathode  with  the 
standard  electrode,  but  this  was  verified  by  experiment. 

Both  methods  of  measurement  having  fidfilled  the  requirements  of 
Requirement  1,  the  next  step  was  to  investigate  the  commutator  method 
with  a  view  of  ascertaining  its  meeting  Requirement  2.  If  the  fall  of 
potential  is  appreciable  diuing  the  period  of  interruption,  a  variation  in 
the  value  of  the  back  e.m.f .  with  speed  of  rotation  would  natiu-ally  result. 
Approximately  ten  tests  were  made,  all  of  which  gave  similar  results,  of 
which  the  following  is  a  typical  example.* 

Sulfuric  add,  0.527  N,  containing  15  g.  per  liter  of  zinc  as  zinc  sulfate, 
was  electrolyzed,  using  an  iron  cathode.  The  current  was  gradually 
raised  at  intervals  and  ^e  cathode  potential  determined  by  both  methods. 
The  speed  of  the  commutat6r  was  varied  from  a'bout  8  to  40  revolutions 
per  second.     The  data  are  reported  in  Table  II. 

Tabi^  II 

Effect  of  Spkbd  of  Rotation  of  Commutator  on  Overvoi«tagb  Readings 

Solution:   0.527  N  sulfuric  add,  containing  15  g.  per  liter  of  zinc  as  zinc  sulfate 

Speed  of  commutator:  8  to  40  revolutions  per  second 

Hydrogen  overvoltage 

Commutator  Direct  Valuation  with 

Current  density  method  method  speed 

Amps,  per  sq.  dcm.                       Volts  Volts  Volts 

0.13  0.255  to  0.256  0.321  0.001 

0.63  0.210  to  0.365  0.433  0.155 

2.55                         0.765  0.870  None 

At  the  highest  potential  given,  zinc  was  being  deposited  instead  of 
hydrogen.  There  was  little  or  no  variation  in  potential  with  speed  of 
rotation  of  the  commutator  just  prior  to  the  first  evolution  of  hydrogen  or 
after  the  transition  point  was  reached  when  the  cathode  had  changed  to  a 
zinc  surface.  In  the  intervening  period,  however,  when  hydrogen  gas  was 
being  given  off,  the  variation  was  from  0.100  to  0.200  volts,  the  potential 
reading  increasing  with  the  commutator  speed.  This  shows  that  in  a 
circuit  where  molecular  hydrogen  is  being  formed  the  fall  of  potential  at  the 
electrode  surface,  during  the  period  of  interruption  of  the  current,  is  con- 
siderable between  the  speeds  given.  When  gas  is  being  evolved,  the  differ- 
ence between  the  two  methods  is  greater  than  before  the  evolution  of 
hydrogen  or  after  the  deposition  of  zinc,  the  direct  method  always  giving 
the  higher  result. 
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Experiments  were  next  made  to  ascertain  the  efifect  of  current  density 
on  the  divergence  of  the  two  methods.  The  electrol)^e  used  was  0.5  N 
sulfimc  acid.  In  each  experiment  the  applied  e.m.f.  was  gradually  raised 
until  the  first  continuous  current  was  noted  from  the  milli-ammeter. 
The  current  density  was  gradually  raised  at  intervals  of  about  2  minutes 
and  measurements  made  by  both  methods.  The  current  was  interrupted 
by  the  commutator  only  long  enough  to  make  the  readings  for  this  method. 
The  average  speed  of  rotation  of  the  commutator  was  about  30  revolutions 
per  second.  The  overvoltage  data  will  be  found  in  Table  III.  The 
greater  the  current  density  the  greater  is  the  diflference  in  the  values  by  the 
two  methods,  the  commutator  method  always  giving  the  lower  result. 


Tabix  III 

HPARISOl 

«  OP  0V8RV0I«TAGSS  BY  THE  TwO  METHODS 

\  WITH  Increasing  Curr 

DsNsrrms 

Solution:   0.6  N  sulfuric  add 

Platinized 

Cathode  Metal 

platinum 

Nickel 

Copper 

Iron 

Ciurent 
density 

Commu- 
tator 
method 

Direct    • 
method 

Comow- 

tator         Direct 
method       method 

Commu- 
tator 
methbd 

Direct 
method 

Commu- 
tator 
method 

Direct 
method 

Ampa.  per 
sq.  dcm.       Volts 

Volts 

Volts          Volts 

Volts 

Volts 

Volts 

Volts 

0.13 

... 

.  .  . 

0.204      0.236 

0.440 

0.618 

... 

• .  • 

0.26 

0.011 

0.011 

0.238      0.312 

0.466 

0.663 

0.248 

0.290 

0.39 

0.010 

0.016 

0.236      0.324 

0.464 

0.619 

0.297 

0.431 

0.61 

... 

0.239      0.346 

0.463 

0.664 

0.312 

0.494 

0.64 

0.016 

0.020 

0.240      0.366 

0.476 

0.690 

0.364 

0.684 

0.77 

... 

0.264      0.373 

0.460 

0.719 

0.330 

0.643 

0.89 

... 

0.261      0.387 

0.486 

0.770 

0.361 

0.698 

1.02 

... 

... 

0.269      0.413 

0.476 

0.776 

0.326 

0.761 

1.27 

0.018 

0.022 

0.276      0.432 

0.476 

0.832 

, , , 

. .  • 

2.65 

0.020 

0.028 

0.314      0.619 

0.476 

0.912 

... 

. .  • 

3.82 

... 

0.327      0.660 

. . . 

... 

... 

.  •  ■ 

6.10 

0.018 

0.036 

0.332      0.607 

0.440 

1.066 

... 

... 

10.20 

0.021 

0.047 

0.330      0.691 

0.440 

1.145 

• .  .■ 

• .  • 

19.10 

0.026 

0.067 

0.346      0.940 

0.430 

1.213 

•  •  • 

•  •  • 

Experiments  were  next  conducted  using  a  solution  of  the  same  hydrogen- 
ion  concentration  as  0.5  N  sulfuric  acid  but  containing  15  g.  per  liter  of 
zinc  in  the  form  of  zinc  sulfate.  Th6  solution  was  0.527  N  with  respect  to 
the  add.  Measiu-ements  were  made  similarly  with  increasing  current 
density  and  the  potentials  noted  as  the  transition  point  from  hydrogen  to 
zinc  was  reached.  The  zinc  potential  corresponded  to  an  overvoltage  of 
0.758  volts.    The  values  are  recorded  in  Table  IV. 

The  overvoltages  for  low  current  densities  given  in  Table  IV  correspond 
to  those  of  Table  III.  With  time  and  increase  of  current  density,  however, 
the  rise  of  cathode  potential  is  more  rapid  in  the  case  of  the  electrol3rte 
containing  zinc.     A  possible  explanation  of  this  result  is  that  during  the 
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TablB  IV 

Comparison  of  Ovbrvoi^tagbs  by  the  Two  Methods  Using  Solution  Containing 

Sulfuric  Acid  and  Zinc  Sulfate 

Solution:  0.627  N  sulfuric  acid,  containing  15  g.  per  liter  of  zinc  as  zinc  sulfate 

Zinc  potential  corresponds  to  overvoltage  of  0.758  volts 

Cathode  Metal 

Nickel  Copper  Iron 

Commu-  Commu-  Commu- 

Current       tator  Direct  Current    tator  Direct  Current  tator  Direct 

density      method  method         density  method  method         density  method         method 
Amps,  per                                          Amps,  per                                    Amps,  per 

sq.  dcm.       Volts  Volts  sq.  dcm.    Volts        Volts  sq.  dcm.         Volts  Volts 

0.13  0.224  0.278  0.13  0.425  0.471  0.13  0.245        0.321 

0.26  0.235  0.305  0.13  0.505  0.563  0.26  0.253        0.361 

0.51  0.249  0.355  0.20  0.529  0.628  0.64  0.365        0.433 

0.76  0.256  0.393  0.26  0.693  0.745  1.27  0.295        0.512 

1.53  0.345  0.565  0.26  0.685  0.775  2.29  0.311-0.429  0.623 

1.53  0.357  0.620  0.26  0.748  0.808  2.29  0.740        0.900 

1.53  0.720  0.875  0.38  0.757  0.810    .     2.55  0.765        0.870 

1.53  0.761  0.880  0.51  0.758  0.800  5.10  0.755        0.845 

1.91  0.765  0.843  1.28  0.759  0.802                            

3.82  0.771  0.875  5.10  0.758  0.802  ..             

10.30  0.777  0.920  10.30  0.763  0.827  ..             

19.10  0.775  0.950  19.10  0.668  0.854  

electrolysis  there  is  an  increase  in  the  concentration  of  the  zinc  sulfate  and 
a  decrease  of  sulfuric  add  at  the  cathode.  This  would  be  accompanied 
by  a  change  in  hydrogen-ion  concentration  and  consequently  of  the  hydro- 
gen potential.  The  cathode  potential  in  an  acid  solution  containing 
zinc  sulfate  would  therefore  not  be  the  same  at  a  given  current  density  as 
that  in  an  acid  solution  having  the  same  initial  hydrogen-ion  concentration. 

The  results  indicate  that  the  ordinary  overvoltage  tables,  obtained 
with  the  use  of  pure  acid  solutions  as  the  electrol)^e,  do  not  show  the  current 
densities  necessary  for  the  deposition  from  acid  solutions  of  metals  having 
a  greater  electromotive  force  than  hydrogen. 

The  data  of  Table  IV  also  show  that  the  potential  values  obtained  by 
thie  two  methods  of  measurement  became  more  and  more  divergent  with 
increase  in  current  density  until,  according  to  the  direct  method,  the  zinc 
potential  was  reached  and  zinc  deposited.  At  this  point  the  values  ob- 
tained by  the  two  methods  approach  each  other  closely,  the  values  of  the 
commutator  method  suddenly  rising  to  practically  that  of  the  zinc  po- 
tential. Upon  reaching  this  critical  point,  the  potential  as  measured  by 
the  direct  method  suddenly  rose  to  a  slightly  higher  value.  This  rise  was 
only  temporary,  however,  and  gradually  disappeared  as  the  coating  of 
zinc  on  the  cathode  became  more  uniform.  In  all  cases  it  was  found  that 
at  the  critical  potential  for  the  deposition  of  metal  there  was  a  very  abrupt 
change  in  the  values  obtained  by  the  commutator  method. 

A  further  series  of  experiments  was  tried  with  the  object  in  view  of 
controlling  any  sudden,  rise  in  potential.    To  accomplish  this  the  applied 
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e.m.f.  was  gradually  decreased  as  the  point  for  metal  deposition  was 
reached.  Readings  were  made  by  both  methods  in  quick  succession  at 
time  intervals  of  about  1  minute.  In  the  commutator  method  the  current 
is  flowing  only  intermittently  and  the  time  factor  is  therefore  not  parallel 
to  that  of  the  direct  method.  To  avoid  any  influence  of  time  on  the  over- 
voltage,  the  potential  was  read  according  to  the  direct  method,  then  the 
potentiometer  was  set  at  the  approximate  value  for  the  commutator 
reading,  the  commutator  was  suddenly  connected  in  the  circuit  and  the 
final  reading  taken  as  quickly  as  possible.  This  was  done  in  order  to  obtain 
the  readings  by  the  two  methods  under  conditions  as  nearly  identical  as  was 
possible.  Two  electrolytes  and  two  different  metals  were  used;  in  one  case, 
a  nickel  cathode  was  tried  with  the  same  solution  as  that  referred  to  in 
Table  IV;  in  the  other  case,  bright  platinum  with  a  solution  which  was 
0.204  N  with  respect  to  sulfuric  acid  and  containing  sufficient  zinc  sulfate 
to  give  120  g.  of  zinc  per  liter,  as  zinc  sulfate.  The  zinc  potential  with  the 
latter  solution  was  equivalent  to  an  overvoltage  of  0.708  volts.  Repre- 
sentative results  will  be  found  in  Table  V.  Only  the  last  part  of  each 
series  of  readings  is  given;  those  of  the  first  part  correspond  to  the  values 
given  in  Table  IV. 

Tabids  V 
Comparison  of  Ovsrvoltaobs  by  thb  Two  Msthods  with  Graduai*  Potsntial  Riss 
Solution  tised  with  nickel  cathode :  0.627  N  sulfuric  acid  containing  15  g.  per  liter  of  zinc 

as  zinc  sulfate 

Zinc  potential:    overvoltage  of  0.758  volts 

Solution  used  with  bright  platinum  cathode:  0.204  N  sulfuric  acid,  containing  120  g. 

per  liter  of  zinc  as  zinc  sulfate 

Zinc  potential:    overvoltage  of  0.708  volts. 


Nickel 

Bright  Platinum 

li^ttrrent 
density 
ps.  per  sq. 
dcm. 

Commutator 
method 

Volts 

Direct 
method 

Volts 

Current 

density 

Amps,  per  sq 

dcm. 

Commutator 
method 

Volts 

Direct 
method 

Volts 

0.64 

0.338 

0.675 

0.38 

0.247 

0.697 

0.13 

0.323 

0.705 

0.38 

0.250 

0.712 

0.26 

0.320 

0.736 

0.26 

0.682 

0.737 

0.13 

0.322 

0.755 

0.13 

0.695 

0.747 

0.07 

0.675 

0.765 

0.13 

0.6»3 

0.777 

0.07 

0.700 

0.765 

0.33 

0.702 

0.797 

. .  . 

0.77 

0.719 

0.817 

The  direct  method  shows  a  gradual  increase  in  potential  without  any 
sudden  changes  or  fluctuations,  and  zinc  was  deposited  upon  reaching  the 
zinc  potential.  When  the  zinc  potential  was  registered  by  the  direct 
method,  there  was  a  sudden  and  abrupt  rise  in  the  commutator  readings. 
This  sudden  break  is  shown  with  both  solutions  although  these  had  dis- 
tinctly difiFerent  zinc  potentials. 

Attempts  were  also  made  using  the  commutator  arrangement  by  itself 
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to  increase  the  potential  gradually  to  the  point  for  metal  deposition  without 
any  sudden  change  in  the  magnitude  of  the  readings.  The  commutator 
rotated  at  the  rate  of  30  revolutions  per  second.  The  electrol)rte  was 
the  same  as  that  used  for  obtaining  the  results  given  in  Table  IV.  Using  an 
iron  cathode,  as  soon  as  the  potential  had  been  raised  by  steps  to  an  over- 
voltage  of  0.460,  the  readings  immediately  rose  to  0.758,  the  value  of  the 
zinc  potential,  and  zinc  began  to  deposit.  By  lowering  the  applied  e.m.f. 
until  the  thin  coating  of  zinc  dissolved,  the  overvoltage  remained  at  0.745 
and  then  suddenly  became  less  than  0.375.  There  was  no  point  between 
0.460  and  0.758  at  which  the  potential  could  be  held,  in  spite  of  numerous 
trials.  Similar  results  were  obtained  with  cathodes  of  bright  platinum 
and  nickel.  The  phenomenon  of  the  abrupt  change  in  readings  is  typical 
of  the  commutator  method  using  cathodes  of  metal  of  low  overvoltage  in 
acid  solutions  of  zinc  sulfate. 

The  preceding  tabulated  data  were  secured  with  a  limited  number  of 
solutions.  Analogous  results  have  been  obtained  with  other  solutions  in 
which  the  concentrations  of  both  sulfuric  acid  and  zinc  sulfate  were  varied, 
thus  giving  difiFerent  values  for  the  hydrogen  and  zinc  potential's.  The 
sudden  break  in  the  commutator  readings  has  been  found  to  be  not  character- 
istic of  a  given  potential  nor  of  the  nature  of^the  cathode  metal,  but  is  deter- 
mined by  the  zinc  potential. 

Discussion  of  Results 

The  experimental  data  presented  above  show  that  more  consistent 
results  are  obtained  by  the  direct  method.  The  sudden  and  abrupt  changes 
in  the  readings  with  the  commutator  method  given  in  Tables  IV  and  V 
furnish  practically  decisive  evidence  that  this  method  cannot  be  relied  upon 
to  give  the  true  overvoltage.  There  is  no  experimental  evidence  reported 
in  the  literature  to  show  that  the  counter  e.m.f.  is  instantaneously  con- 
stant when  the  current  is  interrupted  and  has  the  same  value  as  when  the 
exciting  current  is  flowing.  The  foregoing  data  furnish  strong  evidence 
to  the  contraiy.  The  hydrogen  overvoltage  must  be  sufficient  for  the 
cathode  to  reach  the  zinc  potential  before  zinc  is  deposited.  Evidently 
this  point  would  be  reached  gradually.  A  method  for  determining  over- 
voltage must  show  this  gradual  change  of  potential  and  at  the  critical 
point  for  metal  deposition  must  closely  coincide  with  the  zinc  potential. 
The  direct  method  meets  this  requirement. 

The  data  of  Table  III  show  tiiat  there  was  no  abrupt  rise  in  the  over- 
voltages  by  the  commutator  method  even  when  the  values  by  the  direct 
method  were  greater  than  those  at  which  this  sudden  change  was  found  in 
the  experiments  of  Table  IV.  The  values  in  Table  III  by  the  commutator 
method  would  indicate  that,  at  the  current  densities  used,  it  would  be 
impossible  with  the  metals  employed  to  reach  a  cathode  potential  at  which 
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zinc  would  be  deposited.  Nevertheless,  it  is  an  experimental  fact  that 
zinc  can  be  deposited  from  an  acid  solution  of  the  same  hydrogen-ioft  con- 
centration and  within  the  same  range  of  current  density  (See  Table  IV). 

Consideration  will  now  be  given  to  Requirement  2  mentioned  previously. 
While  overvoltage  is  generally  a<5cepted  to  represent  a  potential,  the 
difference  in  the  results  by  the  two  methods  of  measurement  has  been 
taken  to  be  due  to  a  resistance,  commonly  designated  as ''transfer  resist- 
ance."^ The  experimental  work  here  presented  shows  the  commutator 
method  to  be  in  error  and  consequently  the  so-called  transfer  resistance 
cannot  be  of  the  magnitude  which  has  been  claimed.^  The  data  also  show 
that  the  measurements  made  by  the  direct  method  do  not  vary  in  any  case 
from  the  zinc  potential  at  the  point  of  zinc  deposition  by  more  than  0.05 
volts.  With  a  smooth  electrode  surface  such  as  that  afforded  by  bright 
platinum  and  with. careful  control  of  the  rise  in  potential,  zinc  was  de- 
posited at  0.029  volts  above  the  zinc  potential,  when  the  current  density 
was  0.0026  amperes  per  sq.  cm.  This  would  represent  a  transfer  resistance 
of  approximately  11  ohms.  By  further  refinement  of  the  method  of 
procedure  it  might  be  possible  to  show  the  non-existence  of  a  resistance  of 
even  this  magnitude.  These  results,  considered  with  the  comments  re- 
cently made  by  Maclnnes,^  based  upon  more  precise  measurements,  show 
that  the  probable  error  in  the  direct  method  due  to  the  presence  of  a  re- 
sistance at  the  electrode  surface  is  of  small  proportion,  if  it  exists  at  all. 

In  conclusion  the  writers  wish  to  express  their  sincere  thanks  to  Dr. 
D.  A.  Maclnnes,  of  the  Massachusetts  Institute  of  Technology,  who  has 
read  this  paper  in  manuscript  and  given  useful  suggestions. 

Summary 

1.  The  findings  of  former  investigators  that  overvoltage  increases 
with  time  and  current  density  and  varies  with  the  natiu-e  of  the  electrode 
surface  has  been  confirmed. 

2.  A  comparison,  based  upon  the  transition  point  for  hydrogen-zinc 
deposition  from  solutions  containing  sulfuric  acid  and  zinc  sulfate,  has 
been  made  of  the  two  methods  used  for  overvoltage  measurement.  The 
data  obtained  show  that  the  commutator  method  gives  erroneous  results; 
when  gas  is  being  evolved  at  the  experimental  electrode  the  error  is  large 
and  varies  with  the  speed  of  rotation  of  the  commutator.  The  direct 
method  has  been  f  oimd  to  give  more  consistent  results  and  to  be  the  more 
accurate  method;  the  criticism  that  it  is  subject  to  variation  due  to  elec- 
trode spacing  and  size  and  shape  of  containing  vessel  has  been  shown  to  be 
invalid. 

3.  The  existence  of  an  appreciable  transfer  resistance  at  the  surface  of 

«  Newbcry,  Trans.  Faraday  Soc,  19,  126  (1919). 
•  Maclnnes,  This  JournaIt,  42, 2233  (1920). 
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the  electrodes  studied  is  doubtful.    While  gas  is  being  evolved  it  is  evi- 
dently not  of  the  magnitude  which  has  been  claimed. 

4.  Evidence  has  been  seciu-ed  which  indicates  that  the  ordinary  hydrogen 
overvoltage  tables,  obtained  by  using  pure  acid  solutions  as  the  electrolyte, 
do  not  show  the  current  densities  necessary  for  the  deposition  from  acid 
solutions  of  metals  having  a  greater  electromotive  force  than  hydrogen. 
Sbattlb,  Washington 


THE  SOLUBILITY  OF  ALUMINUM  NITRATE  CRYSTALS  IN 

SOLUTIONS  OF  NITRIC  ACID  OF  VARIOUS  STRENGTHS 

AT  VARIOUS  TEMPERATURES 

By  Low:9i«l  H.  Mn^UGAN 

Received  December  20. 1021 

In  connection  with  other  work  which  was  in  progress,  it  was  necessary 
to  determine  the  solubihty  of  aluminum  nitrate  crystals,  A1(N08)8.9H20, 
in  solutions  of  nitric  acid  of  various  strengths,  at  various  temperatures. 
The  results  obtained  seem  to  be  of  sufficient  general  interest  to  warrant 
publication. 

The  literature  fails  to  reveal  any  quantitative  data  on  the  solubihty 
of  this  substance  Al(N03)3.9HjO.  Seidell^  gives  no  data  whatsoever. 
Comey*  states:  "DeUquescent.  Very  soluble  in  HjO,  HNOa  +  Aq,  or 
alcohol.  (BerzeUus)."  Probably  the  best  bibUography  on  aluminum 
nitrates  is  found  in  Friend's  "A  Text  Book  of  Inorganic  Chemistry  "* 
In  addition  to  the  references  there,  Inamura*  has  made  a  phase  rule  study 
of  the  system  aluminum  nitrate: water: nitric  acid,  at  25**  and  finds 
that  the  nonahydrate  is  the  stable  hydrate  in  the  presence  of  nitric  acid 
of  less  than  73%  strength. 

Preliminary  experiments  showed  that  the  sirupy  filtered  Uquor  resulting 
from  digestion  of  nitric  acid  with  an  excess  of  aluminum  hydroxide  was 
slow  to  crystallize,  and  the  crystals  formed  from  it  were  very  small  and 
difficult  to  filter.  Because  of  this  behavior  of  solutions  containing  no 
free  nitric  acid,  it  is  perfectly  possible  to  obtain  a  sirupy  Uquor  which  is 
more  or  less  stable  at  room  temperature  with  respect  to  aluminum  nitrate 
nonahydrate  and  contains  less,  water  than  the  crystals  of  this  hydrate. 
On  standing  for  a  few  days  such  a  liquor  will  become  cloudy  and  deposit 
a  white  substance  which  is  probably  a  basic  salt.    When,  however,  nitric 

*  Seidell,  "Solubilities  of  Inorganic  and  Organic  Compounds,"  D.  Van  Nostrand 
Co,,     1919. 

>  Comey,  "A  Dictionary  of  Chemical  Solubilities,"  MacMillan  and  Co.,  1896, 
p.  243. 

»  "A  Textbook  of  Inorganic  Chemistry,"  Ed.  J.  N.  Friend,  Chas.  Grifl&n  and  Co., 
Ltd.,     1917,  vol,  IV,  p.  88. 

*Inamura,  /.  Tokyo  Chem.  Sac,  41,  1  (1920),  through  C,  A.,  14,  2451  (1920). 
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acid  is  added  to  this  liquor,  rapid  crystallization  takes  place  with  the 
formation  of  colorless  coarsely-granular  crystals  of  the  nonahydrate. 
The  following  study  of  the  solubility  of  these  crystals  in  solutions  of  ni- 
tric acid  of  various  strengths,  at  various  temperattu-es,  was  made  to  ob- 
tain quantitative  data  on  this  phenomenon. 
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Fig.  1.— The  solubility  of  Al(NO|)|.9HfO  in  nitric  acid 
of  various  strengths,  at  various  temperatures. 

Aluminum  nitrate  crystals  were  prepared  by  dissolving  pure  washed 
aluminum  hydroxide,  obtained  by  cooling  a  hot  cone,  solution  of  sodium 
aluminate,  in  c.  p.  nitric  acid.  The  resulting  solution,  which  contained 
an  excess  of  nitric  acid,  was  cooled  and  the  crystals  which  separated  were 
centrif uged  until  dry,  and  then  bottled  and  analyzed. 


•     Anai^ysbs* 

Pound 

% 

AlaO, 13.45 

NO,  (titration) 49.4 

SiOi None 

TiOi None 

FeiO» 0.012 


Calc.  for  ^NOi)i.9HsO 
13.61 

49.57 


*  The  soditun  in  these  crystals  was  not  determined,  but  it  must  have  been  very 
low  because  the  aluminum  hydroxide  from  which  the  original  solution  was  made  con- 
tained only  0.06%  of  NaiO. 

An  excess  of  these  crystals  was  put  in  a  large  test-tube  and  covered 
with  nitric  acid  of  the  desired  strength.  The  tube,  which  was  fitted  with 
a  rapidly  rotating  stirrer,  was  then  placed  in  a  thermostat.  After  about 
30  minutes  the  stirring  was  stopped  for  about  5  minutes  ^d  a  sample 
of  the  clear  liquor  rapidly  pipetted  jnto  a  weighing  bottle  which  was 
stoppered  and  weighed  when  it  had  reached  room  temperature.  The 
sample  was  diluted  to  a  given  volume  and  aliquots  were  analyzed  gravi- 
metrically  for  alumina  by  precipitation  with  ammonia,  and  volumctri- 
cally  for  total  nitrate  by  titration  in  a  boiling  solution  with  standard 
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sodium  hydroxide  solution  and  phenolphthalein  as  indicator.^  The  alu- 
mina was  calculated  to  aluminum  nitrate  A1(N03)3,  and  the  residual 
nitrate  over  that  required  to  combine  with  the  alumimun,  to  nitric  acid 
HNOs.  These  constituents  were  expressed  as  grams  per  100  grams  of 
the  original  solution. 

Tabi«b  I 
Tmi  SoLUBn^iTY  of  Ai«(NQt)i.9HsO  in  Nitric  Aero  op  Various  Strengths,  at 
Various  Tbmpsraturbs 


No. 

Temp. 

Approximate 
Sp.  Or.  of  Soln. 

HNO« 

AI(NOi), 

«C. 

%  by    wt. 

%  by   wt. 

Indicated  temp./20<* 

1-a 

0.4 

1.311 

20.6 

19.1 

b 

0.4 

1.311 

18.9 

20.2 

2-a 

0.5 

1.335 

51.3 

1.54 

b 

0.6 

1.336 

50.0 

1.46 

3-a 

0.5 

1.433 

72.4 

0.25 

b 

0.5 

1.431 

68.9 

0.21 

4r^ 

19.8 

1.351 

15.4 

27.2 

b 

19.8 

1.349 

15.5 

27.0 

6-a 

20.0 

1.339 

46.8 

5.88 

b 

20.0 

1.341 

45.3 

5.83 

6-a 

20.0 

1.415 

71.4 

0.67 

b 

20.0 

1.415 

71.3 

0.79 

7-a 

40.0 

1.400 

11.6 

34.6 

b 

40.0 

1.398 

12.3 

34.6 

8-a 

40.0 

1.374 

38.6 

16.3 

b 

40.0 

1.367 

38.4 

16.3 

d-a 

40.0 

1.375 

44.7 

12.9 

b 

40.0 

1.373 

44.9 

13.2 

10-a 

40.0 

1.410 

64.7 

4.17 

b 

40.0 

1.408 

64.3 

4.13 

11-a 

40.0 

1.398 

65.4 

4.09 

b 

40.0 

1.401 

65.3 

4.18 

12-a 

60.0 

1.457 

4.98 

44.3 

b 

60.0 

1.460 

4.88 

44.4 

13-a 

60.0 

1.457 

16.7 

37.0 

b 

60.0 

1.461 

17.6 

35.8 

14^ 

60.0 

18.8 

36.2 

b 

60.0 

1.450 

19.0 

35.8 

15-a 

60.0 

1.461 

32.8 

29.3 

b 

60.0 

1.462 

32.5 

28.9 

After  the  first  sample  had  been  taken,  the  stirrer  was  started  again, 
and  in  a  few  minutes  another  sample  of  the  solution  was  withdrawn  and 
the  analysis  averaged  with  that  of  the  first  sample  to  give  a  point  on  the 
solubility  curve.  The  results  of  these  experiments  are  given  in  Table  I, 
and  the  averages  have  been  plotted  as  curves  in  Fig.  1.  A  lOcc.  pipet 
was  used  to  measure  out  the  liquid,  and  consequently  it  was  an  easy 

•  See  Scott,  "Standard  Methods  of  Chemical  Analsrsis,"   D.  Van  Nostrand  Co., 
1920,  p.  11.    The  method  is  there  described  for  Alt(SO«)i. 
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matter  to  compute  the  approximate  specific  gravity  of  the  liquor  samples 
at  the  indicated  temperature  of  the  experiment  compared  with  water  at 
20  ° ;  this  information  is  given  in  the  third  coltunn  of  the  table. 

Dbpartmsnt  of  Chemistry  op  CoKt^Hhi,  Univbrsity 
Ithaca,  Nbw  York 


[Contribution  from  ths  Cobb  CHEmcAi,  Laboratory  of  ths  Univbrsity  of 

Virginia] 

THE  FACTORS  DETERMINING  THE  HYGROSCOPIC  PROPER- 
TIES OF  SOLUBLE  SUBSTANCES.  I.  THE  VAPOR 
PRESSURES  OF  SATURATED 
SOLUTIONS 

By  Graham  Edgar  and  W.  O.  Swan* 

Received  December  26,  1921 

Introduction 

A  dry,  crystalline,  water-soluble  solid,  not  forming  a  crystalline  hy- 
drate, will,  when  exposed  to  air  containing  water  vapor,  tend  to  absorb 
moisture,  with  the  formation  of  a  saturated  solution.  If  we  neglect 
for  the  moment  pure  surface  adsorption,  such  absorption  can  occur  only 
when  the  vapor  pressure  of  the  saturated  solution  is  lower  than  the  partial 
pressure  of  water  vapor  in  the  atmosphere  to  which  the  solid  is  exposed. 
Since  the  vapor  pressure  of  any  aqueous  solution  is  lower  than  that  of 
pure  water,  any  solid  will  absorb  moisture  when  exposed  to  saturated 
aqueous  vapor,  and  is  therefore  to  some  extent  "hygroscopic.*'  This  term, 
however,  is  commonly  applied  only  to  such  substances  as  absorb  moisture 
readily  from  air  under  normal  atmospheric  conditions. 

Although  the  hygroscopic  properties  of  commercial  solids  which  are 
to  be  sold  in  other  than  sealed  containers  (for  example,  fertilizer  salts) 
play  an  important  part  in  limiting  the  commercial  applications  of  such 
solids,  no  careful  scientific  study  seems  to  have  been  made  of  the  fact6rs 
involved  in  determining  the  extent  or  rate  of  their  absorption  of  moisture. 

As  indicated  above,  the  vapor  pressure  of  the  saturated  aqueous  solu- 
tion determines  the  partial  pressure  of  water  vapor  with  which  the  solid 
(and  its  saturated  solution)  may  be  in  equilibrium;  a  solid  may  be  ex- 
pected to  absorb  moisture  when  exposed  to  an  atmosphere  containing 
more  water  vapor  than  this,  and  conversely  the  moist  solid  will  lose  water 
when  exposed  to  an  atmosphere  containing  a  lower  partial  pressure  of 
water  vapor.  The  rate  at  which  the  moisture  will  be  absorbed  will  depend 
upon  a  number  of  factors.  We  can  predict  from  a  priori  considerations 
that  the  rate  of  moisture  absorption  will  be  affected  by  (1)  the  difference 
between  the  partial  pressure  of  water  vapor  in  the  atmosphere  and  the 
'  Certain  preliminary  measurements  were  made  by  N.  E.  Oglesby 
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vapor  pressure  of  the  saturated  aqueous  solution  (PH,o"~-Psat.  soi.)»  (2) 
the  temperature,  (3)  the  surface  of  solid  exposed,  (4)  the  velocity  of  niove- 
ment  of  the  moist  air,  and  (5)  a  specific  * 'reaction  constant,"  character- 
istic  of   the   solid   itself. 

The  present  research  represents  an  attempt  to  analyze  as  completely 
as  may  be  possible  the  influence  of  the  separate  factors  in  determining 
the  hygroscopic  properties  of  typical  water-soluble  solids  not  forming 
crystalline  hydrates.  The  substances  selected  for  investigation  were 
potassium,  sodium  and-  ammonitmi  nitrates,  potassium  and  ammonium 
chlorides,  ammonium  sulfate  and  dihydrogen  orthophosphate,  and  urea. 
A  mixture  of  potassium  nitrate  and  ammonium  chloride  has  also  been 
studied.  The  selection  was  made  to  include  substances  of  various  de- 
grees of  solubility  and  of  different  chemical  types.  All  of  the  substances 
studied  have  also  a  certain  commercial  interest. 

Part  1  deals  entirely  with  the  measurement  of  the  vapor  pressures 
of  the  saturated  aqueous  solutions. 

Previous  Data 

While  large  numbers  of  vapor-pressure  measurements  are  recorded 
in  the  literature,  very  few  data  at  all  reliable  are  available  upon  the  satu- 
rated aqueous  solutions  of  the  substances  in  question  at  low  temperatures 
(20-30*^). 

Speranski*  measured  the  vapor  pressures  of  saturated  aqueous  solutions  of  po- 
tassium and  sodium  nitrates  and  potassium  chloride,  using  the  Bremer-Froweiu  ten- 
simeter.     His  results  will  be  discussed  below. 

Hartung'  measured  the  vapor  pressure  of  a  saturated  solution  of  potassium  chlo- 
ride, obtaining  results  not  in  good  agreem^it  with  those  of  Speranski. 

Lovelace,  Frazer  and  Sease*  made  very  careful  measurements  of  the  vapor  pressure 
of  potassium  chloride  solutions  of  different  concentrations  at  20°.  By  a  very  short 
extrapolation  of  their  data  the  value  for  the  saturated  solution  may  be  calculated. 

Lincoln  and  Klein*  measiu-ed  the  vapor  pressures  at  26**  of  sodium  nitrate  solu- 
tions sufficiently  concentrated  to  permit  extrapolation  to  the  saturation  value  with 
reasonable  confidence. 

Measurements  upon  less  concentrated  solutions  of  a  few  of  the  substances  in 
question*  may  be  extrapolated  to  the  saturation  point,  but  in  most  cases  this  extrapo- 
lation must  be  carried  too  far  to  be  reliable. 

Lescoeur'  measured  the  vapor  presstures  of  the  saturated  solutions  of  a  number  of 
salts,  but  his  values  are  in  marked  disagreement  with  those  of  all  other  investigators 
and  are  frequenUy  in  obvious  error. 

In  view  of  the  paucity  of  data  and  the  lack  of  concordance  in  such 
data  as  ejcist,  it  was  determined  to  measure  the  vapor  pressures  of  satu- 

*  Speranski,  Z.  physik,  Chem.,  70,  619  (1910)  and  78,  86  (1912). 
» Hartung,  Trans,  Faraday  Soc,  15,  [III]  150  (1920). 

*  Lovelace,  Frazer  and  Sease,  This  Journai,,  43,  102  (1921). 
•Lincohi  and  Klein,  /.  Phys.  Chem.,  11,  318  (1907). 

*  Landolt-Bdmstein  "TabeUen." 
'Lescoeur,  Ann.  chim.,  [VII]  7,  416  (1896). 
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rated  aqueous  solutions  of  the  substances  listed  above  at  temperatures 
representing  normal  atmospheric  conditions,  namely  20-30°. 

Experimental  Methods 

After  consideration  of  several  possible  methods,  that  proposed  by  Smith 
and  Menzies*  employing  the  isoteniscope,  was  selected.  The  apparatus 
and  experimental  technique  were  essentially  those  of  Smith  and  Menzies, 
except  for  minor  modifications. 

The  bulb  of  the  isoteniscope  was  enlarged  to  contain  about  15  cc.,  and  a  small 
trap  was  sealed  in  above  it  to  guard  against  loss  from  the  "bumping"  which  sometimes 
occurred.  A  heavy  mineral  oil,  possessing  no  appreciable  vapor  pressure,  was  used 
as  confining  liquid,  following  the  procedure  of  Derby  and  Yngve.*  The  isoteniscope 
was  connected  to  a  10-liter  bottle  as  balancing  reservoir,  which  in  turn  was  connected 
to  a  3 -stage  Cenco-Nelson  pump,  a  manometer,  and  a  side  tube  through  which  air 
could  be  admitted.  The  isoteniscope  was  maintained  at  constant  temperature  by 
immersion  in  an  air-jacketed  glass  vessel  of  water,  heated  by  a  coil  of  glass  tubing 
through  which  warm  water  could  be  circulated,  and  vigorously  stirred  by  a  turbine 
stirrer. 

The  thermometer  used  could  be  read  to  0.0 1*',  and  had  been  compcu-ed  with  one 
calibrated  by  the  Bureau  of  Standards.  The  manometer  was  of  the  closed  type,  con- 
structed from  16-mm.  Pyrex  tubing  (to  minimize  meniscus  errors),  and  filled  with 
carefully  purified  mercury.  It  was  repeatedly  boiled  out  to  remove  air.  A  glass  scale, 
which  had  been  compared  with  a  standard  meter,  was  placed  directly  behind  the  mer- 
cury coltunn.  Readings  were  made  by  means  of  a  cathetometer,  placed  about  a  meter 
away,  the  millimeters  being  read  directly  from  the  glass  scale,  and  the  fractions  esti- 
mated, by  means  of  the  micrometer  screw  ol  the  cathetometer,  which  permitted  esti- 
mation to  0.01  mm.  The  manometer  was  tapped  continuously  to  avoid  "sticking*' 
of  the  mercury.    All  readings  were  reduced  to  millimeters  of  mercury,  at  0^. 

In  carrying  out  a  determination  the  procedure  was  as  follows. 

The  bulb  of  the  isoteniscope  was  filled  about  */«  ^^  o^  ^i  mixture  of 
the  solid  and  water,  a  sufficient  excess  of  soUd  being  added  to  occupy  about 
half  of  this  volume.  The  bulb  was  then  sealed  to  the  rest  of  the  appa- 
ratus, the  pump  started,  and  the  apparatus  evacuated  until  the  contents 
of  the  bulb  boiled  vigorously.  After  the  boiling  had  continued  for  some 
time  the  pump  was  shut  off,  and  air  was  admitted  into  the  large  bottle 
tmtil  the  oil  in  the  leveling  tube  showed  no  pressure  difference  between 
the  bulb  and  the  air  reservoir.  The  manometer  was  then  read  and  the 
process  of  boiling  out  repeated  until  3  to  10  concordant  readings  had  been 
obtained.  Throughout  the  entire  procedure  the  bulb  was  vigorously 
agitated.  The  temperature  was  then  changed  and  the  process  repeated. 
Usually  in  making  a  series  of  determinations  at  different  temperatures, 
measurements  obtained  at  rising  temperatures  were  repeated  at  falling 
temperatures  to  make  sure  that  errors  due  to  failure  to  achieve  saturation 
of  the  solution  might  be  detected. 

*  Smith  and  Menzies,  This  Journal,  32,  1921  (1910). 
>  Derby  and  Yngve,  ibid,,  38,  1439  (1916). 
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TablB  III 

CoiiPARisoN  OP  Data 

1 

2 

3 

4 

Solid 

Temp. 

V.p. 
Mm. 

Ref. 

v.p. 

Mm. 

(E.  and  S.) 

NH4NO, 

20.0 

9.1 

7 

11.16 

23.8 

16.47 

11 

16.49 

NaNO, 

26.8 

18.67 

11 

18.61 

27.8 

20.66 

11 

20.74 

25.0 

17.64 

12 

17.69 

23.2 

18.77 

11 

18.27 

26.3 

22.32 

11 

21.70 

KCl 

29.34 

26.14 

11 

26.87 

30.01 

26.62 

3 

26.85 

20.00 

14.96 

4 

14.97 

KNO, 

120.0 

16.7 

13 

16.58 

[28.63 

27.24 

11 

27.68 

The  data  for  potassium  chloride  are  uniformly  lower  than  those  of 
Speranski;  the  value  at  30°  is  somewhat  higher  than  that  of  Hartung, 
while  the  value  at  20°  is  in  complete  agreement  with  the  extrapolated 
value  from  the  careful  measurements  of  Lovelace,  Frazer,  and  Sease. 

The  value  for  potassium  nitrate  at  28.63°  is  higher  than  Speranski's 
single  measurement,  but  that  at  20°  is  in  fair  agreement  with  the  extra- 
polated data  from  Landolt-Bomstein  **Tabellen.*' 

Altogether  there  seems  no  reason  to  doubt  that  the  data  are  very  close 
to  the  correct  values. 

It  should  be  noted  that,  as  is  to  be  expected,  the  vapor  pressures  of  the 
solutions  saturated  with  both  ammonium  chloride  and  potassium  nitrate 
are  considerably  lower  than  those  of  solutions  saturated  with  either  con- 
stituent alone.  The  bearing  of  this  fact  upon  the  hygroscopic  properties 
of  mixtures  will  be  pointed  out  in  a  later  communication. 

Theoretical  Considerations 

For  solutions  as  concentrated  as  those  involved  in  the  present  investi- 
gation it  is  not  to  be  expected  that  any  simple  law  will  express  accurately 
a  relation  between  the  vapor  pressure  and  the  temperature  and  solubility 
of  the  solid. 

Various  empirical  interpolation  formulas,  to  express  the  variation  of 
the  vapor  pressure  of  saturated  solutions  with  the  temperature,  have  been 
proposed  by  Speranski*  but  it  seems  hardly  worth  while  to  consider  their 
appHcation  to  a  temperature  range  as  limited  as  that  of  the  present  in- 
vestigation. 

"  Speranskiy  Ref.  2,  corrected  by  the  use  of  the  data  of  Scheele  and  Heuse,  Ref. 
10,  for  pure  water. 

"  Lincohi  and  Klem,  Ref.  5,  extrapolated. 
"  Landolt-BSmstein  "Tabellen,"  4th  Ed, 
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From  the  standpoint  of  general  theory  the  following  may  be  of  interest. 

If  we  neglect  the  volume  of  the  solution  in  comparison  with  that  of  the 
solvent  vapor,  and  assume  that  the  vapor  obeys  the  gas  laws,  the  Clausius- 
Clapeyron  equation  becomes 

d(/«  P)       Q 


dT         RT* 


(1) 


where  Q  is  equal  to  the  net  heat  effect  accompanying  the  evaporation 
of  1  mol  of  solvent  vapor  and  the  precipitation  of  that  quantity  of  solute 
dissolved  in  1  mol  of  solvent.  Q  is  evidently  equivalent  to  the  heat  of 
combination  of  one  mol  of  solvent  vapor  with  that  quantity  of  solid  sufl&- 
cient  to  form  a  saturated  solution,  and  may  thus  be  regarded  as  equal 
to  Q1—SQ2,  where  Qi  is  the  heat  of  evaporation  of  1  mol  of  pure  solvent, 
5  the  number  of  formula  weights  of  solute  dissolving  in  one  mol  of  sol- 
vent, and  Q2  the  ''integral"  heat  of  solution  of  one  formula  weight  of 
solute  in  the  piu"e  solvent. 

Since  we  also  have,  from  Van't  Hoff " 

«^  .  W  In  i  S) 

where  i  is  a  factor  expressing  the  deviation  of  the  solution  from  the  laws 
of  ideal  solutions,  if  we  place  Q  —  Qi—SQi,  and  combine  Equations  1 
and  2,  we  obtain 

d  (In  P)  ^  _a_  __  iSdjlniS) 
dT  RT*  dT  ^  ^ 

whence 

djlnP)  _    Qr        d{iS) 

dT  RT*        dT  ^  ' 

or 

d  irs  +  lnP)   ^  ^Q^ 

dT  RT*  ^^ 

As  an  approximation  we  may  assume  both  Qi  and  i  to  be  constant  for 
a  limited  temperature  range,  and  on  integration  we  obtain 


/nP.-/nP,  =  .-(5^-5,)-f(i:-i:) 


(6) 


For  concentrated  solutions  of  the  type  presented  in  this  paper  the  values 
of  i  may  perhaps  best  be  obtained  by  substituting  two  experimental 
values  for  Pi  and  P2.  If  this  is  done,  the  vapor  pressures  calculated  from 
equation  (6)  for  intermediate  temperatures  are  in  good  agreement  with 
oiu:  experimental  results. 

^«  See  Noyes  and  Sammet,  Z.  physik,  Chem.,  43,  513  (1903). 
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Summaiy 

1.  The  vapor  pressures  of  saturated  aqueous  solutions  of  potassium 
chloride,  potassium  nitrate,  ammonium  chloride,  ammonium  sulfate, 
ammonium  nitrate,  ammonium  dihydrogen  orthophosphate,  *sodium  ni- 
trate, urea,  and  a  mixture  of  ammonimn  chloride  and  potassium  nitrate 
have  been  measured  at  temperatures  between  20°  and   30°. 

2.  The  relation  of  the  vapor  pressures  of  satiu-ated  aqueous  solutions 
to  the  hygroscopic  properties  of  soluble  substances  has  been  briefly  dis- 
cussed. 

3.  The  theory  relating  the  vapor  pressure  of  a  saturated  solution  to 
the  temperature  and  solubility  of  the  solid  has  been  indicated. 

University,  Virginia 
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THE   PURITY    OF   ATOMIC    WEIGHT   SILVER.    I.    GASES    IN 
PURE  SILVER  AND  IODINE 

By  Grbgory  Paul  Baxtbr  and  Lbon  Woodbcan  Parsons 

Received  December  28.  1921 

In  a  series  of  articles  published  in  1916  and  subsequent  years^  entitled 
"Contributions  to  the  Study  of  Sources  of  Error  AiBfecting  the  Determin- 
ations of  Atomic  Weights,"  Ph.  A.  Guye  and  his  collaborators  have  dis- 
cussed critically  and  in  much  detail  the  various  sorts  of  experimental 
evidence  upon  which  atomic  weight  ratios  depend.  The  most  important 
sources  of  error  to  which  attention  is  drawn  are  those  resulting  from  im- 
purities in  the  substances  weighed.  Under  this  head  special  emphasis 
is  laid  upon  (1)  gaseous  impurities  included  in  the  interior  of  solids,  (2) 
gaseous  impurities  condensed  on  the  surfaces  of  solids,  and  (3)  solid  im- 
purities. 

Since  metallic  silver  is  a  very  important,  reference  substance  in  the 
gravimetric  determination  of  combining  proportions,  this  substance  has 
received  especial  attention  at  the  hands  of  the  Swiss  scientists,  and  on  the 
basis  of  experimental  evidence  doubt  has  been  thrown  on  the  purity  of 
the  silver  which  has  served  in  the  past  as  the  standard  of  comparison. 
Unfortunately  the  evidence  upon  which  the  speculations  of  Professor 
Guye  have  been  based  has  been  obtained  almost  entirely  from  material 
the  purification  of  which,  if  any,  was  far  less  complete  than  is  essential 
in  the  most  accurate  work.  It  is  much  to  be  regretted,  therefore,  that, 
although  realizing  the  desirabiUty  of  repeating  his  own  experiments  using 

1  Guye,  /.  ckim.  phys,,  14,  25,  55,  83,  195,  204  (1916);    15,  360,  405  (1917);    16, 
46  (1918). 
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the  best  material,  he  has  seen  fit  to  place  great  emphasis  upon  the  necessity 
for  corrections^  of  a  highly  questionable  nature  and  magnitude. 

The  three  suggestions  mentioned  above  are  by  no  means  novel.  All 
three  sources  of  error  have  in  the  past  repeatedly  been  the  subjects  of 
investigation  both  in  the  Harvard  chemical  laboratories  and  elsewhere. 
So  far  as  silver  is  concerned,  in  general  the  evidence  obtained  has  led  to 
the  conclusion  that  the  proportion  of  impiuities  in  the  best  material  is 
too  small  to  have  an  appreciable  effect  on  the  results.'  Nevertheless, 
in  view  of  the  importance  of  the  question,  the  subject  has  been  further 
studied.  The  outcome  of  our  study  confirms  the  earlier  conclusion  that 
the  best  metaUic  silver,  while  in  the  strictest  sense  not  chemically  pure, 
does  not  contain  sufl&cient  impiuity  to  affect  the  result  of  the  most  accu- 
rate work  within  the  Umit  of  experimental  error. 

The  first  subject  to  be  investigated  was  the  possible  gas  content  of 
silver  and  iodine.  In  a  recent  paper  by  Guye  and  Germann*  a  method 
for  the  analysis  of  very  small  quantities  of  gas'^  has  been  appUed  to  the 
analysis  of  gases  disengaged  from  iodine  during  sublimation  in  a  vacuum, 
and  from  silver  by  conversion  to  silver  iodide  in  a  vacuimi.  In  a  single 
experiment  with  3  g.  of  iodine  they  obtained  30  mm.*  of  gas  which,  on  the 
assiunption  that  it  has  the  density  of  air,  represents  0 .  0013%  of  the  weight 
of  the  iodine.  They  performed  five  experiments  with  silver.  In  three, 
metal  of  99.8%  ptuity  was  used  without  preliminary  treatment.  In 
two,  a  purer  specimen*  was  fused  in  a  quartz  test-tube  in  a  current  of 
pure  diy  hydrogen  which  was  bubbled  through  the  molten  metal  for 
some  time  in  order  to  sweep  out  gases.  The  less  pure  material  was  found 
to  contain  about  170  cu.  mm.'  of  gas  per  gram,  */b  of  which  was  oxygen 
and  Vb  carbon  monoxide.  The  purer  silver  proved  to  be  almost  entirely 
free  from  oxygen  but  to  contain  27  cu.  mm.  of  carbon  monoxide  and  10 
cu.  mm.  of  water  vapor  per  gram.  Converted  to  percentages  by  weight 
these  figures  represent  0.0034%  of  carbon  monoxide  and  0.0008%  of 
water,  a  total  of  0.0042%.  In  another  experiment'  in  which  silver  wire 
which  had  been  heated  in  a  vacuum  was  converted  to  chloride  by  means 
of  chlorine,  evidence  was  obtained  that  the  gas  content  of  the  metal  was 
greater  in  the  inner  than  in  the  outer  layers  of  the  wire. 

On  the  basis  of  these  results  Guye  and  Germann*  make  a  preliminary 

*  Sec  in  particular,  Guye  and  Germann,  /.  chim.  phys.,  14,  229  (1916).     Guye, 
ibid.,  15,  549  (1917). 

«  Richards  and  Wells,  Carnegie  Inst.  Pub.,  28,  16  (1905).    This  Journai,,  27, 
459  (1905). 

♦  Guye  and  Germann,  Compt.  rend.,  159,  225  (1914);  /.  chim.  phys.,  14,  201  (1916). 
»  Compt.  rend.,  159,  154  (1914);  /.  chim.  phys.,  14, 195  (1916). 

•  "Extra-pur  a  1000/1000."     Both  samples  were  provided  by  the  Soci6t6  g^ne- 
voise  de  d^grossage  d'or. 

W.  chim.  phys.,   14,  227  (1916). 
«  Compt.  rend.,  159,  992  (1914);  Ref.  2. 
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calculation  of  the  effect  of  this  gas  upon  the  atomic  weights  of  silver  and 
of  other  elements  which  have  been  referred  to  silver,  and  find  that  while 
the  effect  upon  the  atomic  weight  of  silver  is  small,  —  0 .  0045  unit,  the  effect 
upon  those  of  other  elements  may  amount  to  several  hundredths  of  a  unit, 
^-  g',  +0. 005  in  the  case  of  chlorine,  —0. 031  in  the  case  of  tin. 

The  original  investigation  by  Guye  and  Germann  is  an  interes^ting  one, 
although  the  outcome  is  not  surprising  in  view  of  the  questionable  quality 
of  the  material  examined.  Certainly  the  matter  is  one  demanding  in- 
vestigation. Under  the  circumstances  we  felt  warranted  in  preferring 
to  carry  out  this  investigation  ourselves,  rather  than  to  subject  oiu-  material 
to  Professor  Guye  for  examination. 

In  outline  we  have  followed  closely  the  method  of  analysis  used  by 
Guye  and  Germann.*  So  far  as  possible  we  have  examined  material  re- 
maining from  atomic  weight  researches.  While  it  was  impossible  to 
investigate  every  specimen  of  iodine  and  silver  which  has  been  used  in 
the  past,  a  considerable  variety  of  samples  was  available,  and,  since  the 
specimens  still  remaining  have  already  been  compared  with  many  others, 
there  can  be  Uttle  question  that  the  ground  has  been  sufficiently  covered. 

Purification  of  Iodine  and  Silver 

Iodine. — Of  the  different  samples  of  iodine  examined  in  the  course 
of  the  work,  one  consisted  of  commercial  material  which  had  merely  been 
resubUmed  in  a  current  of  pure  dry  air,  in  a  hard  glass  tube  constricted 
at  3  points.  The  iodine  was  sublimed  from  porcelain  boats  into  the  por- 
tion of  the  tube  included  between  the  first  2  constrictions,  where  it  was 
first  melted  to  Uberate  moisture,  and  then  sublimed  into  the  next  compart- 
ment where  the  process  of  melting  and  subliming  was  repeated.  Finally, 
the  product  was  sublimed  a  fourth  time  from  the  tube  into  a  hard  glass 
receiver  from  which  it  was  transferred  to  the  quartz  tube.  This  sample 
(A)  was  prepared  in  an  identical  fashion  for  Expts.  3  and  5  (Table  II). 

A  second  sample  of  iodine  was  prepared  by  Baxter  and  Grose^®  for  work 
upon  the  vapor  pressiure  of  iodine,  and  by  Baxter  and  Harris^^  for  an  in- 
vestigation on  the  atomic  weight  of  arsenic.  This  material  was  dis- 
tilled from  aqueous  potassium  iodide  and  reduced  to  hydriodic  acid  by 
treatment  with  hydrogen  sulfide  imder  water.  A  possible  impiuity  of 
cyanogen  was  eliminated  as  hydrocyanic  acid  by  prolonged  boiling  of 
the  solution  and,  after  removal  of  sulfiu:  by  filtration,  potassium  perman- 
ganate was  added  and  the  iodine  Uberated  was  distilled  from  the  residual 
solution  of  potassium  and  manganous  iodides.  A  second  reduction  with 
hydrogen  sulfide  and  oxidation  of  the  hydriodic  acid  followed,  and  the 

•  This  is  a  modification  of  that  used  by  Guichard.     Compt.  rend.,  153,  272  (1911). 
"Baxter  and  Grose,  This  Journai.,  37,  1061  (1915). 
**  Not  yet  published. 
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final  product,  after  being  rinsed,  was  dried  over  sulfuric  acid.  This 
sample  is  designated  Sample  B.  An  essentially  similar  method  was  used 
by  Baxter"  in  earlier  work  upon  the  atomic  weight  of  iodine,  so  that  this 
specimen  represents  closely  one  sample  of  material  involved  in  the  question 
under  discussion.  Preparatory  to  examination  for  gaseous  impurity  it 
was  sublimed  in  the  manner  already  described  (Expts.  1,  2  and  6)  and  part 
of  the  material  was  subjected  to  a  second  series  of  sublimations  in  exactly 
the  same  way  (Expt.  4).  The  second  series  of  sublimations  apparently 
was  without  effect. 

A  third  sample  of  iodine  was  made  from  iodic  acid  by  first  dehydrating 
the  add  to  the  pentoxide  and  then  decomposing  the  pentoxide  into  iodine 
and  oxygen  at  a  high  temperature.  This  method  also  was  used  by  Baxter.^* 
One  specimen  of  iodic  acid  had  been  made  by  Mr.  P.  C.  Voter  by  acting 
on  iodine  with  fuming  nitric  acid,  and  fractionally  crystallizing  the  pro- 
duct many  times.  Since  the  material  remaining  consisted  of  fractions 
of  intermediate  purity,  the  fractional  crystallization  was  continued  for 
three  more  series  of  fractions.  Although  this  material  had  been  prepared 
and  crystallized  in  quartz  vessels,  this  point  is  of  minor  significance  for 
the  present  piupose.  The  powdered  crystals  were  carefully  dehydrated 
in  a  current  of  piu"e  dry  air  at  gradually  increasing  temperatures  up  to 
275°.  Finally,  the  hard  glass  tube  which  had  been  used  during  the  de- 
hydration was  heated  until  decomposition  of  the  pentoxide  took  place, 
the  iodine  first  being  condensed  and  then  thrice  sublimed  through  the 
series  of  compartments  of  the  tube  as  described  above.  The  product 
was  again  sublimed  through  the  hard  glass  tube  before  use  (Sample  C). 
The  material  used  in  Expt.  10  consisted  of  that  used  in  Expts.  7,  8  and  9 
after  further  sublimation  in  air.  The  material  used  in  Expt.  17  was  sub- 
jected to  three  series  of  sublimations  in  a  quartz  tube,  the  vapors  passing 
over  a  roll  of  incandescent  platinum  gauze  once  in  each  series  as  described 
under  Sample  D.  In  Expt.  11  it  is  probable  but  not  certain  that  Sample 
C  was  used. 

Sample  D  of  iodine  was  made  from  iodic  acid  prepared  from  potassitun 
iodate  through  the  barium  salt,  and  subjected  to  a  series  of  fractional 
crystallizations.  This  material  also  had  been  used  by  Baxter^*  in  finding 
the  ratio  of  silver  to  iodine.  In  Expt.  12  it  was  converted  to  iodine  as 
described  above.  In  E}q>ts.  13  and  14  a  quartz  decomposition  and  sub- 
limation tube  was  employed  and  the  first  constriction  in  the  tube  was 
filled  with  platinum  gauze  heated  to  redness.  This  served  to  decompose 
any  iodine  pentoxide  which  might  have  been  blown  along  in  the  current 
of  gas  and  also  to  facilitate  the  oxidation  of  the  vapors  of  organic  substances 

"Baxter,  Proc.  Am.  Acad.,  40,  419  (1904);   41,  73  (1905);    This  Journal,  26, 
1677  (1904);    27,  876  (1905);    32,  1591  (1910). 
"  Baxter,  This  Journal,  32,  1591  (1910). 
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which  may  have  been  present.  Baxter^'  used  this  same  precaution. 
Before  testing  for  gases  this  iodine  was  twice  more  sublimed  through  the 
silica  tube  (Sample  D). 

For  Expts.  15  and  16  the  iodine  used  in  Expts.  12,  13  and  14  was  twice 
sublimed  in  air  through  the  silica  tube  with  the  incandescent  platinum 
gauze.  The  iodine  used  in  Expt.  18  was  a  mixture  of  residues  from  earlier 
experiments  which  was  thrice  sublimed  through  the  silica  tube  containing 
the  hot  platinum  gauze. 

For  purposes  of  comparison  the  treatment  given  iodine  preparatory 
to  weighing  by  Baxter  in  work  on  the  atomic  weight  of  iodine  is  summarized 
here.  In  the  first  investigation"  carefully  purified  iodine  was  sublimed 
once  from  a  crystallizing  dish  to  a  cool  surface,  and  once  from  a  hard 
glass  tube  into  the  weighing  tube  in  a  current  of  dry  air.  In  the  second 
investigation^'^  the  iodine  was  sublimed  from  one  part  of  the  hard  glass 
sublimation  tube  to  another  and  then  again  into  the  weighing  tube,  all 
in  a  current  of  pure  dry  air.  Inthe  third  investigation^*  iodine  pentoxide 
was  decomposed  at  about  350^  in  a  current  of  dry  air.  Then  the  iodine 
was  fused,  and  finally  was  sublimed  into  the  weighing  tube  and  s^ain 
fused.  Another  specimen  was  made  in  the  same  way  in  a  quartz  tube, 
but  the  iodine  vapor  was  passed  through  hot  platinum  gauze.  Still  a  third 
specimen  of  iodine  which  had  been  carefully  purified  in  another  way  was 
twice  sublimed  in  the  quartz  tube,  once  through  the  platinum  gauze,  and 
then  a  third  time  into  the  weighing  tube  where  it  was  fused. 

The  material  designated  Sample  D  in  this  paper  resembles  most  closely 
that  used  by  Baxter  in  the  latest  and  most  satisfactory  determinations  of 
the  ratio  of  silver  to  iodine,  in  that  it  was  made  from  iodine  pentoxide,  was 
sublimed  through  platinum  gauze  in  a  current  of  air  and  oxygen,  and  was 
fused.  The  material  used  by  Baxter  had,  however,  been  subjected  to 
fewer  sublimations  than  Sample  D. 

Silver. — ^All  the  silver  examined  consisted  of  specimens  of  material 
which  had  already  been  employed  in  determining  atomic  weight  ratios. 
One  group  of  samples  had  been  prepared  in  a  similar  way  by  Baxter, 
Moore  and  Boylston,"  Baxter  and  Grover,^'  and  Baxter.^'  After  an  elabo- 
rate preliminary  purification,  crystals  of  metal  which  had  been  deposited 
electrolytically  were  fused  in  a  cturent  of  hydrogen  on  a  support  of  the 
purest  lime.    The  adherent  lime  was  removed  by  etching,  and  finally 

"Proc.  Am.  Acad.,  40,  428  (1904);  Tms  Journal.  26,  1587  (1904);  Z.  anorg. 
Chem.,  43,  25  (1905). 

"  Prac.  Am.  Acad.,  41,  77  (1905);  This  Journal,  27,  879  (1905);  Z.  anorg.  Chem., 
46,  40  (1905). 

»  Ref.  13,  p.  1597;   Z.  anorg.  Chem.,  70,  41  (1910), 

"  Baxter,  Moore  and  Boylston,  Tms  Journal,  34,  260  (1912). 

"  Baxter  and  Grover,  ibid.,  37,  1030  (1915). 

"  Baxter,  ihid.,  28,  1329  (1906).    Sample  E. 
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the  buttons  were  washed,  dried  and  heated  in  a  vacuum  at  about  400^. 
(Sample  I). 

Another  specimen,  prepared  by  Richards  and  Hall,*®  had  been  finally 
precipitated  as  metal  by  ammonium  formate,  and  the  product  was  fused, 
etched  and  dried  as  stated  above  (Sample  II). 

As  all  the  material  had  been  standing  for  some  years  in  desiccators, 
most  of  it  was  again  slightly  etched  with  nitric  add,  dried  and  again  heated 
in  a  vacuum,  although  this  last  process  was  omitted  in  Kxpts.  2  and  3. 

Description  of  Apparatus 

The  apparatus  resembled  very  closely  that  used  by  Guye  and  Germann 
for  the  determination  of  small  amounts  of  gases  except  that  when  first 
constructed  no  provision  was  made  for  analysis  of  the  gas,  and  later, 
because  the  quantity  of  gas  was  found  to  be  very  small,  it  was  not  consid- 
ered necessary  to  make  the  analysis.  We  have  found  the  apparatus  very 
satisfactory  for  the  purpos^. 

The  transparent  quartz  lube  i4B,  in  which  the  reactions  were  carried  out  was 
connected  by  a  carefully  ground  joint  C  to  the  all-glass  measuring  apparatus.  The 
tube  F  contained  copper  amalgam  to  prevent  iodine  vapor  from  reaching  the  mercury 
in  H  and  /.  Measurements  of  pressure  were  made  in  the  McLeod  gage  H,  which  mag- 
nified the  pressure  50  times.  In  order  to  dry  the  gas,  L  was  filled  with  phosphorus 
pentoxide  which  had  been  freshly  sublimed  in  a  current  of  ptu-e  dry  oxygen.  A  spectro- 
scopic examination  of  the  gas  was  made  possible  by  the  Plucker  tube  R,  which  was 
partially  protected  from  mercury  vapor  by  gold  leaf  in  the  tube  5.  The  whole  system 
could  be  exhausted  by  an  automatic  Tdpler  pump  of  the  Maass*^  type.  By  means  of 
the  leveling  bulb  W  the  gas  content  of  the  appcu^tus  could  be  largely  transferred  to 
L  or  back  again  to  AB.  Ground  joints  and  stopcocks  were  made  tight  with  Ramsay 
grease,  especial  pains  being  taken  in  the  ground  joint  C  to  prevent  contact  of  the  grease 
with  gases  in  the  tube. 

The  method  of  procediure  was  in  general  as  follows.  The  whole  appa- 
ratus was  exhausted  through  T  and  the  stopcock  K  was  closed.  By 
raising  the  leveling  bulb  W  the  merciuy  was  introduced  into  the  gage 
H  and  the  reading  of  the  gage  was  taken.  Then  the  stopcock  D  was 
closed  and  the  reaction  was  carried  out  in  AB.  When  the  reaction  was 
complete  and  the  tube  AB  was  cold,  the  stopcock  D  was  opened  and  after 
the  presstu-e  had  been  given  time  to  adjust  itself,  the  reading  of  the  gage 
H  was  taken.  If  it  was  desired  to  dry  the  gas,  it  was  forced  into  L  by 
filling  J  with  D  open,  then  closing  D  and  by  raising  X,  forcing  all  the 
gas  through  K  into  the  drying  tube.  After  closing  K  the  process  was  re- 
peated four  times.  When  the  gas  was  dry  it  was  allowed  to  diffuse  back 
again  into  AB  and  the  pressure  was  remeasured.  Although  this  method 
of  determining  the  proportion  of  water  vapor  is  obviously  not  highly  exact, 
in  view  of  the  small  quantities  of  gas  ultimately  found,  the  process  is 

*  Richards  and  Hall,  Tms  Journal,  39,  631  (1917). 

«  Maass.  ibid.,  37,  2664  (1916). 
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amply  accurate  for  the  ptirpose.    In  a  similar  fashion  the  gas  could  be 
collected  in  L  and  then  admitted  to  the  Flicker  tube  R. 

The  quantity  of  gas  was  estimated  from  the  difference  between  the 
gage  readings  before  and  after  the  experiment,  and  the  volume  of  the 
system  as  far  as  the  gage,  and  is  expressed  in  terms  of  weight  of  gas  per 
gram  of  material  on  the  assumption  that  the  density  of  the  gas  is  as  large 
as  that  of  air.  Since  a  portion  of  the  gas  was  certainly  water  vapor  and 
a  portion  of  it  was  imdoubtedly  hydrogen,  and  as  the  other  gases  likely 
to  be  present, — carbon  dioxide,  carbon  monoxide,  oxygen  and  nitrogen, — 
with  the  exception  of  carbon  dioxide  possess  nearly  the  same  density  as 
air,  the  above  assumption  seems  to  be  a  safe  one. 


The  Determination  of  Gases  in  Iodine 

Since  the  determination  of  the  gases  in  silver  involved  the  reaction 
of  silver  with  iodine,  the  first  step  in  the  problem  was  the  determination 
of  the  gases  in  iodine.  This  was  carried  out  by  placing  the  iodine  at  A 
and  then,  after  exhausting  the  tube,  subliming  the  iodine  from  A  to  B 
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by  warming  the  tube  very  gently  at  A  and  cooling  it  at  B  by  means  of 
a  cloth  wet  with  alcohol  and  with  the  assistance  of  a  blast  of  air. 

Most  of  the  iodine  could  then  be  sublimed  back  to  the  point  A,  if  de- 
sired, and  the  whole  process  coidd  be  repeated.  Some  iodine  unavoidably 
reached  the  joint  C,  and  even  as  far  as  the  stopcock  D,  but  the  greater 
part  remained  in  the  quartz  tube. 

Because  of  the  desirability  of  duplicating  so  far  as  possible  the  con- 
ditions used  in  preparing  iodine  for  weighing  for  atomic  weight  work  in 
the  Harvard  laboratory,  and  because  in  this  work  the  iodine  was  always 
weighed  after  fusion  in  the  weighing  tube,  the  iodine  was  usually  melted 
into  the  quartz  tube  and  allowed  to  solidify  in  a  fairly  thin  layer  over  the 
closed  end  of  the  tube.  Thus,  most  of  the  material  formed  a  compact 
mass,  although  of  course  a  small  proportion  evaporated  and  condensed 
as  crystals.  In  some  cases  a  small  amount  of  air  apparently  was  trapped 
between  the  iodine  and  the  glass,  for  the  tube,  after  the  preliminary  ex- 
haustion, showed  a  slight  gain  in  pressure  on  standing.  When  this  oc- 
curred the  apparatus  was  allowed  to  stand  exhausted  imtil  the  pressure 
had  become  constant  and  remained  so  for  some  hours  before  the  iodine 
was  sublimed.  In  order  to  find  out  whether  the  surface  exposed  by  the 
iodine  plays  an  important  part  in  the  gas  retention,  in  Kxpts.  3  and  6  the 
iodine  was  wholly  in  the  form  of  loose  crystals.  The  weight  of  iodine  used  in 
each  experiment  was  found  from  the  gain  in  weight  of  the  reaction  tube. 

After  Expt.  4  had  been  completed,  a  test  was  made  to  determine  whether 
the  quartz  sublimation  tube  was  perfectly  tight.  The  empty  quartz 
tube  was  exhausted  and  after  the  pressure  had  been  read,  the  tube  was 
heated  as  in  an  experiment  with  iodine.  No  change  in  pressure  resulted. 
On  further  heating  to  a  much  higher  temperature  (about  500°),  however, 
the  interior  pressure  increased  0.054  mm.  Since  this  increase  might 
have  been  due  to  gases  dislodged  from  the  interior  surface  of  the  tube 
at  the  higher  temperatiu*e,  it  was  again  exhausted  and  heated.  The*  in- 
crease in  pressiu*e,  0.016  mm.,  though  smaller,  was  disquieting.  There- 
fore the  whole  tube  was  fire  polished  with  an  oxy-gas  flame.  Upon  ex- 
hausting and  heating  to  about  500°  the  pressure  rose  0 .  014  mm.,  and  after 
two  days  had  increased  only  0.010  in  addition.  Two  later  experiments 
of  the  same  sort  yielded  still  smaller  gains,  of  0.004  mm.  in  each  case. 
Although  it  seems  likely,  therefore,  that  a  small  part  of  the  increase  in  pres- 
sure in  the  experiments  with  iodine  is  not  to  be  attributed  to  the  iodine, 
this  imcertainty  is  too  small  to  be  of  importance  in  the  final  outcome. 

In  several  experiments  the  iodine  was  subjected  to  repeated  sublimation  as 

described  above  (this  page).    The  results  of  these  experiments  are  collected 

in  Table  I.    In  accordance  with  the  observations  of  Guye  and  Germann,'* 

these  results  indicate  clearly  that  gas  evolution  is  essentially  over  in  most 

"  Compt.  rend.,  159,  226  (1914). 
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cases  after  one  sublimation  in  vacuum  and  that  two  sublimations  are  in- 
variably sufiScient.  Consequently  in  many  of  the  later  experiments  only 
one  sublimation  was  carried  out. 


IV 


0.004 


TablS  I 
Epp«ct  op  Rbpbatbd  Sublimation 

Increase  in  pressure  in  mm. 

Sublimation 

Expt. 

I 

II 

III 

2 

0.146 

0.020  . 

3 

0.054 

0.024 

0.020 

4 

0.164 

0.106 

0.000 

5 

0.446 

0.020 

6 

0.162 

0.000 

8 

0.144 

0.020 

12 

0.068 

0.086 

14 

0.070 

0.006 

In  Table  II  are  given  the  results  of  all  the  experiments.  In  Expts. 
1  to  9  the  vacuum  apparatus  contained  only  iodine,  in  the  remainder  the 
examination  of  iodine  was  combined  with  that  of  silver,  the  iodine  being 
first  sublimed  to  free  it  from  gases  and  then  allowed  to  react  with  silver 
in  a  separate  part  of  the  experiment. 

The  following  experiments  indicate  conclusively  that  the  proportion 
of  gas  obtained  is  very  largely  dependent  upon  the  piuity  of  the  iodine. 
In  Expts.  13  to  18  not  only  was  the  material  from  which  the  iodine  was 
prepared  more  carefully  piu-ified  than  for  the  previous  experiments  but 
the  iodine  was  also  passed  over  hot  platinum  gauze  to  ensiu*e  complete 
combustion  and  elimination  of  carbon  compounds.  Although  these  last 
six  experiments  yielded  less  than  half  as  much  gas  as  the  general  average 
of  all  the  experiments  and  less  than  Vs  as  much  as  the  crude  iodine,  even 
the  crude  material  yielded  considerably  less  than  half  as  much  gas  as 
Guye  and  Germann  obtained,^'  while  our  purest  iodine,  which  was  es- 
sentially identical  with  that  used  by  Baxter  in  his  last  determination  of 
the  ratio  of  silver  to  iodine  except  that  it  had  been  subjected  to  a  larger 
number  of  sublimations,  was  found  to  yield  only  0. 00015%  of  gas,  slightly 
more  than  ^/lo  that  found  by  Guye  and  Germann.  This  proportion  is 
far  smaller  than  the  experimental  error  of  the  process  in  which  iodine 
was  compared  with  silver. 

Spectroscopic  examination  of  the  gases  obtained  in  Expts.  3  and  9 
showed  the  presence  of  hydrogen  and  carbon  monoxide  (besides  mercury). 
The  hydrogen  spectnun  may  have  had  its  origin  in  water  held  either 
by  the  iodine  or  the  interior  surfaces  of  the  apparatus,  and  incompletely 
removed  from  the  gas.  The  carbon  spectrum  undoubtedly  is  due  largely 
«» Guichard  in  a  similar  experiment  found  0 .45  cc.  of  gas,  per  100  g.  of  iodine. 
The  percentage  calculated  as  air  is  0 .0006,  a  proportion  identical  with  ours  obtained 
with  crude  iodine.     CampL  rend.,  153,  272  (1911). 
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Tabls  II 

Gases  in  Iodinb 

Volume  of  Apparatus  =   180  cc. 


Expt. 

Sample 
iodine 

Wt.  of 

iodine 

G,. 

Initial 
reading 

Pinal 
reading 

Change  in 

pressure 

Mm. 

Water  vapor  Wt. 
in  gas       of  gas 

Gas 

% 

1 

B 

2.0 

0.5 

2.0 

0.030 

0.0096 

0.00044 

2 

B 

10.2 

0.2 

7.5 

0.146 

0.0418 

0.00041 

1.7 

2.7 

0.020 

7 

0.0057 
Total 

0.00006 

0.00047 

3 

A 

5.6 

0.3 

3.0 

0.054 

0.0154 

0.00027 

3.0 

4.2 

0.024 

0.0069 

0.00012 

4.2 

5.2 

0.020 

55 

0.0057 
Total 

0.00010 

0.00049 

4 

B 

17.6 

.  0.3 

8.0 

0.154 

0.0441 

0.00025 

8.0 

13.3 

0.106 

0.0303 

0.00017 

13.3 

13.2 

13.2 

13.5 

0.004 

36 

Total 

0.00001 

0.00043 

5 

A 

25.1 

0.7 

23.0 

0.446 

0.1275 

0.00061 

23.0 

24.0 

0.020 

0.0057 
Total 

0.00002 

0.00053 

6 

B 

8.7 

1.2 
8.8 

8.8 
8.8 

0.152 
0.000 

0.0435 

0.00050 

7 

C 

5.7 

2.1 

7.0 

0.098 

0.0280 

0.00049 

8 

C 

13.7 

0.8 

8.0 

0.144 

0.0412 

0.00030 

8.0 

9.0 

0.020 

6 

0.0057 
Total 

0.00004 

0.00034 

9 

C 

5.8 

0.8 

4.4 

0.072 

39 

0.0206 

0.00036 

10 

C 

11.8 

1.0 

8.3 

0.146 

0.0417 

0.00035 

11 

C 

17.1 

2.5 

22.0 

0.390 

0.1115 

0.00065 

12 

D 

14.0 

0.5 

3.9 

0.068 

0.0194 

0.00014 

3.9 

8.2 

0.086 

0.0246 
Total 

0.00018 

0.00032 

13 

D 

5.9 

0.8 

1.9 

0.022 

0.0063 

0.00011 

14 

D 

16.5 

1.2 

4.7 

0.070 

0.0200 

0.00012 

1.0 

1.3 

0.006 

0.0017 
Total 

0.00001 

0.00013 

16 

D 

12.1 

1.2 

8.0 

0.136 

0.0389 

0.00032 

16 

D 

15.9 

1.0 

4.6 

0.072 

0.0206 

0.00013 

17 

C 

16.0 

0.8 

3.2 

0.048 

0.0137 

0.00009 

18 

Residues 

13.6 

0.5 

3.1 
Av. 

0.052 
of  Expts. 

13  to  18 

0.0149 
Av. 

0.00011 
0.00035 
0.00015 

Av. 

of  Expts.  with  Sample  A 

0.00051 

Sample  B 

0.00046 

Sample  G 

0.00038 

Sample  D 

0.00020 
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to  carbon  compounds  contained  in  the  iodine,  since  the  proportion  of  gas 
obtained  was  very  markedly  diminished  by  the  step  taken  to  bum  such 
substances.  It  is  possible  that  the  grease  employed  on  the  grotmd  joints 
was  responsible  for  a  part  of  the  gas.  However,  since  the  percentage 
of  gas  obtained  is  certainly  a  maximum  and  is  so  small  as  to  be  negligible 
from  the  standpoint  of  present  atomic  weight  accuracy,  no  further  attempt 
was  made  to  discover  the  exact  nature  and  soiurce  of  the  gas. 

The  Determination  of  Gases  in  Silver 

In  thfe  conversion  of  silver  into  silver  iodide,  a  weighed  quantity  of  silver 
was  placed  at  the  point  B  in  the  quartz  tube  with  an  excess  of  iodine  at  the 
point  A.  After  the  system  had  been  exhausted,  the  iodine  was  once  sub- 
limed and  the  increase  in  pressture  which  resulted  was  used  as  a  measure 
of  the  quantity  of  gases  evolved  from  the  iodine  as  already  described. 
The  apparatus  was  then  exhausted  a  second  time  and  the  portion  of  the 
tube  where  the  silver  was  located  was  heated  to  a  temperature  somewhat 
above  the  melting  point  of  silver  iodide,  530°,  so  that  the  product  of  the 
reaction  flowed  away  from  the  residual  metal,  leaving  a  fresh  siuiace  for 
attack.  The  reaction  progressed  rather  slowly,  several  hoturs  being  neces- 
sary for  even  approximately  complete  conversion  of  the  silver  into  iodide. 
In  fact  in  many  cases  the  experiment  was  stopped  while  a  residue  of  un- 
converted silver  still  remained  and,  after  the  gas  determination  was  com- 
pleted, this  residue  was  cleaned,  weighed  and  the  weight  was  subtracted 
from  that  originally  taken.  When  the  conversion  of  silver  to  iodide  was 
over,  the  pressture  in  the  apparatus  was  measiured  as  previously  described. 
In  the  first  foiu:  experiments  the  proportion  of  water  vapor  in  the  gases 
also  was  meastured. 

After  the  first  two  experiments  with  silver  had  been  completed,  the  sus- 
picion arose  that  gas  might  result  either  by  evolution  from  or  diffusion 
through  the  quartz  tube  at  the  point  of  heating.  Blank  experiments  in 
which  the  empty  tube  was  exhausted  and  heated  at  one  spot  for  several 
hours  to  the  same  temperatiure  as  in  the  experiment  with  silver,  showed 
increases  in  pressture  of  0.038  and  0.030  mm.  Although  these  gains  are 
small,  the  attempt  was  made  to  diminish  the  uncertainty  by  again  fire 
polishing  the  greater  part  of  the  tube  with  an  oxy-gas  flame.  Repetition 
of  the  blank  experiments  showed  increases  in  pressture  of  0. 020  and  0. 016 
mm.  and  a  short  but  intense  heating  of  nearly  the  whole  tube  produced 
an  increase  in  pressure  of  only  0. 008  mm.  Preparatory  to  all  subsequent 
experiments  with  silver  the  section  of  the  tube  which  had  been  heated  in 
the  previous  experiment  was  fire  polished.  In  spite  of  this  precaution 
it  seems  likely  at  any  rate  that  a  small  part  of  the  observed  increase  in 
pressture  in  the  experiments  with  silver  had  its^source  in  the  tube  itself. 

While  there  seems  to  be  evidence  that  at  elevated  temperatures  quartz 
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is  pervious  to  gases,  especially  hydrogen,^*  we  are  of  the  opinion  that  with 
our  tube  a  part  of  the  difficulty  originally  was  due  to  minute  striations 
which  were  closed  by  the  fire  polishing. 

Of  course,  tmavoidably  the  silver  buttons  were  very  superficially  attacked 
at  ordinary  temperature  by  the  iodine  during  the  exhausting  of  the  tube 
and  the  determination  of  the  gases  in  the  iodine.  The  greater  part  of 
any  gas  thus  produced  must  have  been  included  in  that  evolved  during  the 
sublimation  of  the  iodine. 

In  Expts.  6  to  10  the  gas  evolved  during  the  early  stages  of  the  conversion 
of  the  silver  to  iodide  at  high  temperature  was  measured.  Then  the  tube 
was  again  exhausted  and  the  reaction  completed.  On  an  average  this 
gas  obtained  from  the  stuiace  of  the  silver  amounts  to  about  one  third 
of  the  whole.  Although  the  quantities  involved  are  too  small  to  be  viewed 
as  positive  proof,  this  result  seems  to  be  some  indication  that  the  surface 
of  the  silver  contains  a  larger  proportion  of  gases  than  the  interior,  a  con- 
clusion diametrically  opposite  to  that  arrived  at  by  Guye  and  Germann.** 

The  following  table  (III)  gives  the  results  of  all  the  expeiiments  with 
silver.  In  Expts.  6  to  10  the  first  series  of  figures  in  each  experiment 
refers  to  the  gas  evolved  from  the  surface  of  the  silver,  the  second  series 
refers  to  that  subsequently  obtained. 

It  is  interesting  to  note  that  in  Expt.  1  with  crtide  (99.86%),  large 
silver  wire,  the  proportion  of  gas  obtained  is  slightly  greater  than  that 
obtained  by  Guye  and  Germann  from  their  purer  material  (0. 0042%),  but 
is  considerably  less  than  they  found  in  their  crude  metal  (0.024%).  So 
far  as  the  results  show  there  is  no  difference  between  silver  precipitated 
electrolytically  before  fusion  (Sample  I)  and  that  precipitated  with  for- 
mate (Sample  II).  On  the  whole  the  average  of  Expts.  4  to  10  seems  to 
give  the  most  reliable  estimate  of  the  gas  content  of  the  silver,  since  the 
material  used  in  Expts.  2  to  3  had  been  exposed  to  the  atmosphere  of 
desiccators  sealed  with  grease  for  some  years  and  was  not  given  preliminary 
cleansing.  Furthermore,  in  Expts.  1  and  2  evidence  was  secured  that 
slight  leakage  through  the  quartz  tube  had  occurred^ 

As  in  the  case  of  iodine  the  final  result  represents  a  maximum,  both  be- 
cause of  the  possibility  of  the  evolution  of  gases  from  the  interior  of  the 
apparatus  and  that  of  leakage  through  the  quartz  tube.  The  result, 
0. 00063%,  even  if  real,  is  almost  negligible  at  the  present  stage  of  atomic 
weight  accuracy. 

Spectroscopic  examination  of  the  gases  obtained  in  Expt.  2  indicated 
the  presence  of  both  hydrogen  and  carbon  monoxide.    The^gas  obtained 

"  Villard,  Compt.  rend.,  130,  1752  (1900).  Jacqucrod  and  Perrot,  Arch.  set.  phys. 
chem.,  18,  613  (1904);  20,  454  (1906).  Richardson  and  Richardson,  PhU.  Mag,,  22, 
704  (1911).    Mayer,  Phys.  Rev.,  6,  288  (1915). 

»  Ref .  7,  p.  228. 
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in  Expt.  3,  however,  gave  only  the  hydrogen  spectnun.  This  evidence 
is  interesting  since  it  indicates  that  the  gas  obtained  from  silver  is  at  any 
rate  largely  composed  of  this  relatively  light  gas. 

Tablb  III 

Gas9s  in  Silvbr 

Volume  of  Apparatus  »»   180  cc. 


Expt. 

1 
2 
3 
4 
5 
6 


Sampte 
silver 

Crude 
I 
I 
I 
I 
I 


II 


10 


II 


Wt.  of 

silver 

G. 

5.2 

3.6 
6.2 
4.6 
3.8 
7.1 


5.6 


6.0 


5  7 


3.4 


Initial 
reading 
of  gage 

Mm. 

0.8 
0.7 
0.7 
0.7 
1.8 
1.2 
1.3 


Pinal 
reading 

56.6 
10.0 
17.2 
4.3 
8.2 
5.0 
7.0 


Water 
Change  in  vapor  in 
preMure       gas 


Mm. 
1.132 
0.186 
0.330 
0.072 
0.128 
0.076 
0.114 


% 
13 
30 
13 
33 


Wt.  of 

Mg. 
0.324 
0.0532 
0.0858 
0.0206 
0.0366 
0.0218 
0.0326 


Gas 

% 

0.00623 
0.00148 
0.00182 
0.00045 
0.00096 
0.00031 
0.00046 


ToUl 

0.00077 

2.0 

3.8 

0.036 

0.0103 

0.00018 

1.0 

5.1 

0.082 

0.0234 
Total 

0.00042 

0.00060 

1.2 

2.8 

0.032 

0.0091 

0.00015 

1.0 

3.5 

0.060     . 

0.0143 
Total 

0.00024 
0.00039 

5.0 

6.8 

0.036 

0.0103 

0.00018 

1.0 

5  0 

0.080 

0.0329 
Total 

0.00040 

0.00058 

1.3 

2.2 

0.018 

0.0052 

0.00015 

0.5 

3.4 

0.058 

0.0166 

0.00049 

Total  0.00064 

Av.,  excluding  Expt.  1  0 .00085 

Av.,  excluding  Expts.  1  to  3  0 .00063 

Av.  of  Expts.  4,  5,  6,  7  and  9  0 .00067 

Av.  of  Expts.  8  and  10  0 .00052 

Since  the  hydrogen  is  Kberated  from  the  silver  in  the  presence  of  an 
excess  of  iodine,  and  therefore  may  have  combined  in  part  with  the  iodine, 
the  question  may  very  well  be  raised  as  to  whether  all  the  hydrogen  origi- 
nally contained  by  the  silver  is  eventually  recovered.  Aside  from  the 
possibility  of  adsorption  on  the  interior  surfaces  of  the  system,  any  hy- 
drogen iodide  produced  would  have  exerted  twice  the  pressure  of  the 
hydrogen  it  replaced.  It  seems  reasonable  to  assume  at  any  rate  that  one 
effect  compensated  the  other. 

K  the  gas  obtained  from  the  silver  is  largely  hydrogen,  as  seems  likely, 
from  the  spectroscopic  results,  the  percentage  is  0 .  00004.    Since,  however. 
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a  considerable  proportion  of  the  gas  was  found  to  be  water  vapor,  the 
real  proportion  must  be  somewhat  larger  than  this.  For  instance,  if  Vs 
is  water  vapor,  the  percentage  of  gas  is  0.00016. 

This  proportion  of  hydrogen  is  smaller  than  that  obtained  by  others 
in  the  past  in  silver  which  had  been  heated  in  hydrogen.  Graham** 
found  on  an  average  0. 0005%.  Stas*'^  concluded  the  proportion  to  be  less 
than  0.0004%.  Mallet's"  result  was  0.0003%,  and  Baxter's"  0.001%, 
while  Richards  and  Wells*®  foimd  that  silver  which  had  been  fused  in  hy- 
drogen produced  exactly  as  much  silver  chloride  as  metal  which  had  been 
fused  in  a  vacuum,  within  less  than  0.001%. 

The  eifect  of  impurities  in  iodine  and  silver  upon  the  results  of  experi- 
ments in  which  they  play  a  part  depends  upon  the  directness  with  which 
the  calculations  may  be  computed.  One  of  the  least  favorable  cases, 
used  as  an  example  by  Guye,*^  is  that  of  the  ratios  I2O6: 2Ag,  and  I*:  2Ag, 
from  which  the  atomic  weights  of  silver  and  iodine  may  be  computed. 
Impurity  in  the  iodine  alone  produces  a  positive  error  in  the  atomic  weight 
of  silver.  Impurity  in  the  silver  alone  also  produces  a  positive  error. 
Impurities  in  both  silver  and  iodine  produce  an  eifect  depending  upon  the 
relative  proportions. 

In  the  following  table  are  given  the  values  obtained  by  applying  correc- 
tions of  the  magnitude  observed  by  us,  to  the  results  of  Baxter  and  Tilley,** 
and  Baxter^*  on  the  above  ratios. 


Uncorrected 

Per  cent,  of  gas 
Ag  0.00063 
I  0.00046 

Per  cent,  of  gas 

Ak  0.00016 

I  0.00015 

At.  wt.  Ag... 

..      107.864 

107.862 

107.864 

At.  wt.  I.... 

..     126.913 

126.912 

126.913 

Only  upon  the  most  unfavorable  interpretation  of  the  results  in  this 
paper  are  the  atomic  weights  in  question  affected  by  as  much  as  0.002 
unit. 

Summary 

1.  Iodine  sublimed  in  air  was  foimd  to  yield  small  quantities  of  gas 
when  resublimed  in  a  vacuum.  The  proportions  varied  from  0.0005% 
in  the  case  of  crude  iodine,  to  0. 00015%  in  the  case  of  the  purest  material. 
These  proportions  are  far  smaller  than  those  found  by  Guye  and  Germann. 

2.  Crude  silver,  when  converted  to  iodide  in  a  vacuum,  was  found  to 
yield  0.006%  of  gas,  while  the  purest  material  when  treated  in  the  same 

» Graham,  PhU.  Mag.,  32,  603  (1866). 

"Stas,  "Oeuvres  Compl^t^s." 

»  Mallet,  Phil.  Trans.,  171,  1020  (1880). 

»  Baxter,  Am.  Chem.  J.,  22,  362  (1899). 

'«  Richards  and  Wells,  Carnegie  Inst.  Pub.,  28,  23  (1905). 

«Ref.   7,  p.   237. 

«  Ba.xter  and  Tilley,  This  Journal.  31,  201  (1909). 


Digitized  by  LjOOQIC 


SOLID  IMPURITIES  IN  ATOMIC  WEIGHT  SILVER  591 

way  yielded  Vio  as  much,  0.00063%.    In  this  case  also  the  proportion 
of  gas  found  in  pure  metal  is  only  V?  that  found  by  Guye  and  Germann. 

The  foregoing  figures  are  based  on  the  assumption  that  the  iodine  and 
the  silver  are  responsible  for  all  the  gas  evolved  and  that  the  gas  is  as 
heavy  as  air. 

The  likelihood  has  been  pointed  out  that  a  portion  of  the  gas  obtained 
either  was  liberated  from  tbe  walls  of  the  apparatus  or*  diffused  through 
the  reaction  tube.  Furthermore  in  the  case  of  silver  at  any  rate  a  large 
portion  of  the  gas  was  found  to  be  hydrogen.  Therefore  there  is  good 
reason  to  believe  that  the  real  percentages  are  smaller  than  those  given 
above. 

3.  Even  when  maximum  corrections  are  applied,  the  atomic  weights 
of  silver  and  of  elements  referred  to  silver  are  affected  in  the  most  unfavor- 
able cases  by  only  0.002  unit. 

A  grant  from  the  Wolcott  Gibbs  Fund  of  the  National  Academy  of 
Sciences  has  materially  aided  the  prosecution  of  this  investigation. 
Cambiudos  38,  Massachusbtts 
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The  preparation  of  silver  of  the  highest  purity  for  purposes  of  atomic 
weight  comparison  has  been  the  subject  of  many  investigations,  the 
most  recent  of  which  is  that  of  Richards  and  Wells,  ^  who  foimd  that  the 
processes  of  precipitation  as  silver  chloride,  crystallization  of  silver  ni- 
trate, precipitation  of  the  metal  from  solution  by  ammonium  formate,* 
^  and  electrolytic  transport  of  the  metal  from  a  dissolving  anode  through 
a  concentrated  solution  of  silver  nitrate,'  are  all  effective  in  removing 
metallic  impurities.  In  investigations  in  the  Chemical  Laboratories  of 
Harvard  University  various  combinations  of  these  methods  have  been 
used  both  before  and  since  the  investigation  of  Richards  and  Wells,  and 
the  products  have  been  found  to  yield  identical  results  within  the  experi- 
mental error.* 
The  final  treatment  of  the  silver  before  weighing  has  consisted  almost 

»  Rkhards  and  Wells,  Carnegie  Inst.  Pub.,  28,  16  (1906);  This  JotJRNAi,,  27,  459 
(1905). 

«  Stas,  "Ocuvres  Compldt^,"  vol.  3,  p.  40. 

« AbrahaU.  /.  Chem.  Soc.,  61,  660  (1892). 

*  Guye  has  recently  questioned  the  freedom  of  such  material  from  metallic  im- 
ptuities.    J.  Mm.  phys.,  15,  554  (1917). 
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invariably  of  fusioa  on  a  boat  of  carefully  purified  lime,  usually  in  a  current 
of  hydrogen,'  but  sometimes  in  a  vacuum.  If  the  silver  has  been  deposited 
from  a  silver  nitrate  solution,  fusion  in  a  vacuum  was  found  by  Richards 
and  Wells  to  be  insufficient,  for  the  residual  metal  seems  to  retain  a  small 
amount  of  oxygen  coming  from  the  included  ipockets  of  silver  nitrate  so- 
lution.' If  electrolytic  crystals  are  fused  in  hydrogen,  however,  the  latter 
difficulty  disappears,  and  this  process,  namely,  fusion  of  the  metal  in  a 
current  of  hydrogen  on  a  boat  of  pure  lime,  has  been  utilized  exclusively 
in  recent  years.  When  thus  fused,  the  buttons,  although  bright,  are 
coated  with  specks  of  adherent  lime  which  must  be  removed  by  etching 
with  dil.  nitric  acid  several  times.  In  this  way  a  layer  of  silver  of  consider- 
able thickness  is  removed.  The  final  product,  after  being  washed  and  dried 
is  then  heated  to  about  500^  in  a  vacuum. 

Naturally  the  possibility  exists  of  the  presence  of  calcium  and  occluded 
hydrogen  in  the  silver.  The  first  point  was  considered  very  carefully 
by  Richards  and  Wells  who  were  unable  to  detect  calcium  by  a  wet  proc- 
ess in  a  lOg.  sample  of  silver  which  had  been  fused  upon  lime.^  Their 
experiment  showed  that  the  metal  certainly  contained  less  than  0.0001% 
of  calcium. 

Furthermore,  Stas  concluded  that  silver  which  had  been  fused  and  cooled 
in  hydrogen  does  not  contain  more  than  0. 0004%  of  this  element,  and  the 
experiments  recorded  in  the  preceding  paper  prove  that  the  total  gaseous 
impurity  in  the  silver  in  question  is  less  than  0.0006%.'  This  quantity 
is  barely  significant  in  work  of  the  utmost  acctuucy  at  the  present  time. 

Since  the  spectroscope  is  a  most  uncompromising  and  sensitive  instru- 
ment for  the  detection  of  metallic  impurities  and  because  of  the  success 
which  has  attended  spectroscopic  examination  of  pure  metals  for  exact 
purposes  in  this  Laboratory  in  recent  years,*  a  careful  spectroscopic 
examination  of  several  specimens  of  very  pure  silver  has  been  carried  out. 
To  do  this  both  the  spark  and  the  arc  spectra  between  electrodes  of  the 
purest  silver  have  been  photographed  and  compared  with  spectra  of  various 
possible  impurities  produced  under  exactly  similar  conditions.  Several 
different  samples  of  silver  which  have  been  used  in  recent  atomic  weight 
comparisons  have  been  examined. 

One  group  of  specimens  had  been  subjected  to  essentially  the  same 
processes. 

» Baxter,  Proc.  Am.  Acad.,  39,  240  (1903). 

•Ref.    1,  p.  23. 

7Ref.   1,  p.  22. 

*See  also:  Graham,  Jahresb.,  1866,  51.  Neumannn  and  Streintz,  Monatsh., 
12,  642  (1891).    Baxter,  Am.  Chem.  J.,  22,  362  (1899). 

*  Baxter  and  Hartmann,  Tms  Journal,  37,  116  (1915).  Baxter  and  Grover, 
ibid,,  37, 1032,  1050  (1915).    Baxter  and  Grose,  ibid.,  38, 859,  869  (1916). 
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The  first  step  consisted  of  double  precipitation  of  silver  chloride,  with  either  in- 
termediate reduction  by  means  of  sugar  and  sodium  hydroxide,  and  solution  of  the 
metal  in  nitric  acid,  or  solution  of  the  first  precipitate  of  silver  chloride  in  ammonia 
and  repredpitation  with  nitric  acid.  After  the  chloride  had  been  reduced  with  sugar 
and  tiie  metal  fused  on  charcoal,  the  buttons  were  cleansed  and  dissolved  in  nitric  acid, 
and  the  solution  was  heated  with  an  excess  of  ammonium  formate.  The  washed  pre- 
cipitated silver  was  again  fused  in  air  on  a  porcelain  crucible  lined  with  the  purest 
lime,  and  then  the  buttons  were  made  the  anode  under  a  concentrated  solution  of  silver 
nitrate  made  from  one  of  the  buttons.  The  electrol3rtic  crystals  were  fused  in  a  current 
of  the  purest  hydrogen  on  a  boat  of  pure  lime,  contained  in  a  porcelain  tube.  Finally 
the  buttons  were  several  times  etched  with  small  portions  of  dil.  nitric  acid,  and  after 
thorough  washing  and  drying  in  the  air  were  heated  in  a  hard  glass  or  quartz  tube  to 
about  500 **.  Four  different  specimens  of  this  variety  of  silver  were  examined.  One 
had  aheady  been  used  by  Baxter,  Moore  and  Boylston,^**  and  three  others  had  been 
prepared  for  work  at  present  under  way  by  Messrs.  O.  J.  Stewart  and  Muneo  Tani 
and   Dr.  P.  F.  WeatherilL 

In  the  other  group  of  specimens,  crystallization  of  silver  nitrate  from 
dil.  nitric  add  was  followed  by  precipitation  of  the  metal  with  ammoniimi 
formate,  and  the  product  was  fused  in  hydrogen  on  lime  as  described 
above.  One  of  these  specimens  had  been  used  by  Richards  and  Wells* 
and  had  been  crystallized  15  times  as  silver  nitrate  before  precipitation 
with  ammonium  formate.  The  other  had  been  used  by  Richards  and 
WiUard**  and  had  been  crystallized  5  times  as  silver  nitrate  before  the  for- 
mate precipitation.  It  is  to  be  noted  that  one  of  the  chief  differences 
between  the  two  groups  is  that  in  the  former  case,  the  material  before  the 
final  fusion  consisted  of  fairly  large  electrolytic  crystals,  in  the  latter 
case  of  finely  divided  precipitated  metal. 

The  spectrograms  were  taken  with  a  F6ry  quartz  spectrograph,  which  by  means  of 
a  diaphragm  permits  the  close  juxtaposition  of  successive  spectra  without  involving 
any  movement  and  therefore  lateral  displacement  of  the  film  holder.  The  spark  was 
produced  by  means  of  a  half  kilowatt  wireless  transformer,  actuated  by  the  110  volt 
a.  c.  lighting  current,  with  a  condenser  parallel  with  the  spark  and  with  sufficient  self 
inductance  in  series  with  the  spark  to  eliminate  the  air  lines  almost  completely.  In 
character  the  spectrum  fell  midway  between  an  arc  spectrum  and  that  produced  with 
the  usual  high  tension  interrupting  coil.  The  arc  was  produced  by  stepping  down 
with  resistance  a  110  volt  d.  c.  current  so  that  approximately  15  amperes  passed  between 
the  points.  The  electrodes,  which  weighed  5  or  more  grams  each,  were  held  between 
the  points  of  clean  steel  pincers  in  such  a  way  that  the  arc  or  spark  did  not  approach 
the  steel. 

The  silver  was  compared  with  the  following  metals:  magnesium,  zinc, 
cadmium,  merciuy,  aliuniniun,  chromium,  iron,  nickel,  copper,  gold, 
platinum,  tin,  lead,  calcium  and  bismuth.  This  list  includes  all  the 
metals  foimd  in  commercial  silver  by  de  Gramont.^^ 

Although  the  exposures  were  prolonged,  two  minutes  or  more  in  every 

1*  Baxter,  Moore  and  Boylston,  Tms  Journal,  34,  260  (1912). 
"  Richards  and  Willard,  Carnegie  Inst.  Pub.,  125,  16  (1910);   Tms  Journal,  32, 
18  (1910). 

1*  de  Gramont,  /.  Mm,  phys.,  14,  336  (1916). 
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case,  not  the  smallest  trace  of  any  one  of  these  metals  could  be  discovered, 
with  the  sole  exception  of  calcium.  Calcium  lines  were  faintly  visible 
in  every  one  of  the  specimens  with  slightly  varying  intensity.  Comparison 
of  the  spectrograms  with  others  of  metals  containing  known  proportions 
of  impurity  indicates  that  the  proportion  of  calcium  in  even  tiie  least 
pure  specimen  is  of  the  order  of  one  part  in  a  million.  This  is  in  entire 
accord  with  the  experiment  of  Richards  and  Wells  mentioned  above. 
Furthermore,  in  the  specimen  prepared  by  Richards  and  Willard  the  two 
strongest  lines  of  silicon  are  very  faintly  visible.  Here  again  the  pro- 
portion seems  to  be  extremely  small,  not  greater  than,  if  as  great  as,  the 
proportion  of  calcium. 

Nevertheless,  a  further  attempt  was  made  to  discover  the  proportion 
of  calcium  as  follows. 

All  the  buttons  which  had  been  used  in  the  spectroscopic  experiments,  78  g.  in  all, 
were  once  more  slightly  etched  with  dil.  nitric  acid  in  order  to  remove  surface  impurities 
acquired  during  handling.  This  could  hardly  have  altered  the  composition  of  the  silver 
since  all  the  material  had  previously  been  etched  several  times  in  the  same  way.  The 
material  was  then  dissolved  in  a  platinum  dish  in  nitric  add  which  had  been  distilled 
through  a  quartz  condenser,  and  about  half  of  the  silver  was  next  deposited  electro- 
lytically  chiefly  upon  the  dish  which  was  made  the  negative  pole,  but  partly  as  peroxide 
on  the  anode.  The  electrolsrte  was  evaporated  nearly  to  dr3mess  in  another  platinum 
dish  over  an  electric  stove,  and  after  solution  of  the  residue  in  the  purest  water  about 
half  the  remaining  silver  was  deposited  electrolytically. 

Evaporation  and  a  third  electrolysis  removed  all  but  traces  of  the  silver.  The 
final  electrolyte  was  evaporated  to  dryness  and  the  solution  of  the  residue  in  water 
was  saturated  with  hydrogen  sulfide  to  remove  the  last  traces  of  silver.  After  filtration, 
a  slight  excess  of  ammonia,  in  the  form  of  gas,  was  introduced  to  remove  a  trace  of  iron 
which  originated  in  the  steel  pincers  used  for -holding  the  buttons  during  the  spectro- 
scopic experiments.  The  volume  of  the  solution  at  this  stage  was  about  20  cc.  Fil- 
tration and  evaporation  to  dryness  in  a  weighed  platinum  crucible  followed,  and  the 
residue  was  heated  to  about  600^  to  expel  ammonium  salts.  The  residue  weighed 
0 .  12  mg.  When  dissolved  in  a  few  drops  of  very  dilute  nitric  acid  and  made  alkaline 
with  ammonia  the  solution  gave  a  barely  visible  precipitate  with  ammonium  oxalate 
in  a  volume  of  about  1  cc.,  while  0.03  mg.  of  calcium  under  similar  conditions  gave  a 
distinctly  heavier  precipitate. 

The  proportion  of  calciiun  in  the  silver  therefore  did  not  exceed  0.00004  % 
on  an  average,  somewhat  less  than  the  estimate  made  above,  and  in 
entire  accord  with  the  experiments  of  Richards  and  Wells. 

Summary 
It  is  evident  therefore  that  in  the  present  state  of  the  most  accurate 
chemical  analysis  the  purity  of  these  specimens  of  silver  is  considerably 
more  than  suflScient. 

Cambridge  38,  Massachusetts 
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THE  SIGNIFICANCE  OF  THE  DENSITY  OF  HTDR06EN  BROMIDE 
WITH   REFERENCE  TO  THE  ATOMIC  WEIGHT  OF  BROMINE 

By  Gregory  Paul  Baxter 

Received  December  28, 1921 

The  numerous  researches  upon  the  densities  of  various  gascF,  carried 
out  under  the  direction  of  P.  A.  Guye  at  the  University  of  Geneva  have 
furnished  very  interesting  information  as  to  the  molecular  weights  of  the 
substances  examined,  and  either  directly  or  indirectly  as  to  the  atomic 
weights  of  the  various  elements  involved.  These  experiments  have  been 
executed  with  exceptional  care  and  skill,  and  represent  a  great  advance 
in  the  technique  of  both  the  preparation  of  pure  gases  and  the  experimental 
determination  of  gas  densities. 

The  values  found  for  the  atomic  weights  in  most  cases  corroborate  in 
such  a  reassuring  way  the  results  of  older  methods  involving  gravimetric 
ratios  between  soUd,  and  sometimes  liquid,  substances,  that  the  Swiss 
investigators  have  been  led  to  assign  a  significance  to  the  gas  density 
results  which  possibly  is  in  excess  of  their  real  value.  Recently,  for 
instance,  Guye^  has  applied  the  results  of  experiments  upon  the  density 
of  hydrogen  bromide  to  the  determination  of  the  atomic  weight  of  bromine 
and,  partly  on  this  basis,  partly  on  other  grounds,  insists  upon  a  correction 
for  the  atomic  weight  of  silver.  Questions  concerning  the  atomic  weight 
of  silver  have  already  been  dwelt  upon  in  some  detail  in  two  preceding 
papers.*  The  purpose  of  the  present  paper  is  to  call  attention  to  some 
uncertainties  involved  in  the  gas  density  method  of  determining  molec- 
ular weights,  as  applied  in  the  case  under  consideration. 

In  the  discussion  referred  to  above,  Guye  computes  the  molecular  weight 
of  hydrogen  bromide  by  a  modification  of  Berthelot*s  "limiting  density" 
method.     In  the  expression  used 

p  Y 

d  represents  the  weight  of  the  normal  liter  and  1  +  X  is  equal  to , 

PiVi 

the  ratio  of  the  values  of  PV  at  zero  pressure  and  1  atmosphere  respec- 
tively. The  value  of  M  thus  depends  directly  upon  four  experimentally 
determined  quantities,  namely,  the  two  densities  and  the  two  values  of 
1  -f  X.  The  last  two  values  obviously  cannot  be  measured  directly, 
but  must  be  found  by  extrapolation  from  values  determined  at  presstu-es 
between  zero  and  one  atmosphere.     It  is  clear  that  where  the  value  of 

»Guye,  /.  cMm.  phys.,  17,  171   (1919). 

«  Baxter.  This  Journal,  44,  577.  591  (1922). 
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1  +  X  is  not  far  from  unity,  as  in  the  case  of  oxygen,  the  extrapolation 
can  be  done  with  far  greater  certainty  than  with  a  gas  Uke  hydrogen 
bromide  where  1  +  X  is  very  nearly  1.01. 

Of  the  two  densities,  that  of  oxygen  is  unquestionably  known  with  the 
greater  accuracy,  for  the  imcertainty  is  no  greater  than  a  few  parts  in 
one  hundred  thousand.  Lord  Rayleigh's  value  for  the  weight  of  the 
normal  liter,  1 .  42904  g.,  has  been  used  by  Guye  in  the  foregoing  formula. 
The  value  of  1  +  X  for  oxygen  used  by  Guye,  1 .  00097,  probably  repre- 
sents an  accuracy  nearly  if  not  quite  as  great  as  that  of  the  density  of 
dxygen. 

The  chief  uncertainties  fall,  therefore,  upon  the  data  referring  to  hy- 
drogen bromide.  As  regards  the  density  of  the  gas,  three  determinations 
of  the  density  of  hydrogen  bromide  have  been  carried  out  at  the  Univer- 
sity of  Geneva,  by  Moles,'  by  Reiman*  and  by  Murray.*  The  gas  was 
prepared  by  many  different  methods  and  the  experiments  were  carried 
out  in  globes  of  .different  capacities.  The  divergences  do  not  group  them- 
selves in  any  systematic  manner,  so  that  the  results  may  be  treated  either 
as  one  single  series  or  separately  in  the  case  of  different  experimenters, 
the  method  which  has  actually  been  followed  by  Guye.  In  the  final  dis- 
cussion Guye  rejects  the  experiments  by  Murray  as  being  on  the  whole 
less  reliable  than  the  others. 

In  all,  33  determinations  of  the  density  were  made  by  Moles  at  atmos- 
pheric pressure,  varying  from  3.64608,  to  3.64298,  an  extreme  difference 
of  0.00310,  or  0.085%.  The  probable  error  of  the  mean  is  =4=0.00008, 
or  0.002%.  Reiman  made  31  determinations  varying  from  3.64694 
to  3.64199,  with  an  extreme  difference  of  0.00495  or  0.134%.  The 
probable  error  is  =±=0.00014,  or  0.004%. 

The  averages  of  the  two  series,  3.64442  and  3.64419,  are  subsequently 
subjected  to  various  small  corrections'  and  become  3.64441  and  3.64404. 
It  seems  probable  that  the  mean  value,  3.64423,  represents  this  constant 
with  an  accuracy  of  0.01%,  but  in  view  of  the  rather  disconcerting  vari- 
ation of  the  individual  determinations  and  the  commonly  recognized 
principle  that  the  probable  error  as  calculated  by  the  method  of  least 
squares  is  likely  to  lead  to  a  false  idea  of  accuracy  in  a  series  of  less  con- 
cordant experiments,  it  is  questionable  whether  the  real  accuracy  is  greater 
than  the  above  estimate. 

The  values  of  1  +  X  for  hydrogen  bromide  are  found  from  the  experi- 
mental values  for  P  V  at  1 ,  ^/s  and  Vs  atmospheres.  To  do  this  the  weight 
of  a  liter  of  gas  at  0°,  and  at  ^/s  and  Vs  atmospheres  is  first  found  byex- 

»  Moles,  J.  chim.  phys.,  14,  389  (1916). 

*  Reiman,  ibid.,  15,  293  (1917). 
» Murray,  ibid.,  15,  334  (1917). 

•  Ref.  1,  pp.  174,  181. 
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periment.  The  ratios  of  ^1%  and  Va  the  weight  of  a  liter  at  1  atmosphere 
to  the  weights  of  one  Kter  at  Vs  and  Vs  atmospheres  give  the  values  of 
Py  referred  to  the  product  at  1  atmosphere  taken  as  unity. 

Moles's  corrected  value  for  the  density  at  0®  and  */«  atmosphere  is 
2. 42203=*=  0.00019  with  an  extreme  difference  of  0.00297  or  0.12%, 
while  Reiman's  result  is  2. 42190=*=  0.00023  with  an  extreme  diflference 
of  0.00606  or  0.25%. 

At  Vs  atmosphere  Moles's  figure  is  1.20737=*=  0.00015  with  an  extreme 
difference  of  0.00254  or  0.21%  and  Reunan's  is  1.20721=*=  0.00009  with 
an  extreme  diflference  of  0.00241  or  0. 20%. 

Since  even  the  "probable  errors'*  of  the  means  at  */«  atmosphere  are 
0.008%  and  0.010%,  while  those  at  Vs  atmosphere  are  0.012%  and  0.008%, 
it  seems  very  doubtful  whether  the  values  of  the  densities  at  */«  and 
^/a  atmospheres,  and  therefore  the  values  of  PY  which  are  directly  pro- 
portional to  them,  are  known  with  an  accuracy  of  Vioooo- 

Furthermore,  it  is  noticeable  that  the  values  obtained  by  Reiman 
are  consistently  lower  than  those  obtained  by  Moles  by  about  0.01%. 
The  two  series  of  results  are  summarized  in  the  following  table. 

Moles  Reiman 

P  Percentage 

Atmospheres  Difference  difference 

1  3.64441=1=0.00008        3. 64404=*=  0.00014         -0.00038        -0.010 

Vi  2. 42203=*=  0.00019        2.42190=^0.00023         -0.00013         -0.005 

Va  1.20737=*=0. 00015        1.20721=^0.00009        -0.00016        -0.013 

From  these  figures  the  values  of  PV  at  diflFerent  pressures  referred  to 
that  at  one  atmosphere  as  unity  can  be  computed  by  the  method  outlined 
on  pp.  596-7.  The  figures  in  parentheses  are  calculated  from  the  densi- 
ties found  by  Moles.    The  others  are  those  used  by  Guye.^'* 


p 

Moles 

Atmospfaerea 

FV 

PV 

1 

1.000000 

1.000000 

V. 

(1 .003127) 

1 .603105 

1 .003077 

v> 

(1 .006157) 

1.006218 

1.006190 

Extrapolation  of  these  figures  for  zero  pressure  was  done  by  various 
methods,  of  which  the  two  upon  which  most  reliance  is  placed  will  be  dis- 
cussed.   One  of  these  is  the  "method  of  secondary  differences/'*  which  is 

'Ref.    1,    p.    181. 

'  This  discrepancy  appears  in  Moles's  paper»  (Ref.  3,  p.  431)  and  also  in  Ouye's 
(/.  cUm.  phys.,  17,  181  (1919)).  In  both  places  the  weight  of  one  liter  of  gas  at  760 
mm.  seems  to  have  been  incorrectly  calculated  from  the  weights  at  Vt  ^^^  Vs  atmos- 
phere. 

•A  simpler  method  of  applying  this  method  is  as  follows:  (PV)o  =  (PV)h  + 
aPV)H''iPV)H)  +  HPV)yi-(PV)^)^HPV)^-'(PV)i)  =  (PK)i-3(Pl0j<  +3 
(PV)h^ 
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illustrated  by  the  following  examples.    The  figures  in  parentheses  rep- 
resent extrapolated  values. 

Moles 

(Unoorr.) 

AiXlO*  ^Xl<H 

3105 

8 
3113 

(8) 
(3121) 


3127 

97 
3030 

(97) 
(2933) 


3077 

36 
3113 

(36) 
(3149) 
0  (1.009339) 

It  is  noticeable  that  while  Moles*s  uncorrected  results  give  a  value  for 
{PV)o  which  is  identical  with  that  of  Reiman  in  spite  of  the  divergence 
of  the  individual  density  values,  when  Moles*s  results  are  corrected  for 
apparent  errors  in  calculation  the  divergence  is  pronounced,  amounting 
to  0.025%.    This  affects  the  atomic  weight  of  bromine  by  0.02  unit. 

Since  the  values  of  PV  are  inversely  proportional  to  the  density  at  any 
pressure,  an  error  of  0. 01%  in  any  one  value  of  the  density  has  a  marked 
influence  upon  the  extrapolated  value  of  (PlOo-  For  instance  in  the 
following  two  tables  the  values  of  PV  at  ^/s  and  Vs  atmospheres  are  re- 
spectively increased  by  0.01%  over  the  experimental  values  [found  by 

Reiman. 

p 

AiXlO*  AsXlO* 

3177 


p 

Atmospheres 

1 

PV 

1.000000 

V. 

1.003105 

V. 

1.006218 

0 

(1 .009339) 

Moles 

(Corr.) 

1 

1.000000 

V. 

1.003127 

V. 

1.006167 

0 

(1.009090) 

Reiman 

1 

1.000000 

V. 

1.003077 

V. 

1.006190 

P 
lospheres 

PV 

1 

1.000000 

V. 

1.003177 

V. 

1.006190 

(1 .009039) 


3013 
(2849) 


164 
(164) 
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1 

1.000000 

3077 

V. 

1.003077 

3213 

136 

V. 
0 

1.000290 
(1.009639) 

(3349) 

(136) 

In  both  cases  the  percentage  effect  upon  the  extrapolated  value  of 
(PlOo  is  three  times  as  large  as  the  assumed  difference,  but  in  opposite 
directions.  Thus  an  experimental  error  of  0. 01%  in  the  density  at  either 
'/a  or  ^/»  atmosphere  ^ects  the  molecular  weight  of  hydrogen  bromide 
and  the  atomic  weight  of  bromine  by  0 .  03%  or  0 .  024  unit.  Such  an  error 
is  admittedly  within  the  experimental  error  of  the  density  determinations. 
Because  of  this  greater  sensitiveness  to  experimental  error  at  the  lower 
pressures,  it  is  unfortunate  that  less  attention  seems  to  have  been  given 
to  the  determinations  under  these  conditions. 

A  second  method  of  extrapolation  upon  which  reliance  is  placed  is  the 
"algebraic  method,"  with  the  use  of  equations  of  the   foQowing  type 

PV  =  1  +  a-aP-bP* 
although  in  reality  there  is  no  difference  between  this  method  and  the  for- 
mer one. 

Obviously  the  last  two  terms  disappear  when  P  =  0.  Then  (PVOo 
=  l  +  a  =  l  +  X.  The  term  a  is  found  by  solution  of  three  equations 
involving  three  values  of  PV.  PV  and  P  at  one  atmosphere  are  both 
assumed  to  be  unity. 

If  Pi  and  Pt  are  taken  as  */z  and  V»»  respectively,  the  expression  simpli- 
fies to  the  form 

a  -   -3(PP0Vt  +  3(PlOVt 
and 

{PV)o   -    l-3(PV)Vi   +  3(PK)Vi. 

Mathematically  this  method  is  identical  with  the  "method  of  secondary 
differences"  (see  p.  597)  and  of  course  gives  results  identical  with 
those  of  the  latter  method  and  equally  sensitive  to  errors  in  the  experi- 
m^tal  values  of  PV  from  which  the  value  of  a  is  computed;  that  is,  a 
given  percentage  error  in  the  experimental  value  of  PV  at  */«  or  Va  at- 
mosphere is  multipUed  three  times  in  the  value  of  1  +  a,  and  hence  in  the 
molecular  weight  of  hydrogen  bromide. 

Upon  the  assumption  that  each  experimental  value  upon  which  the 
final  value  of  the  molecular  weight  of  hydrogen  bromide  is  dependent 
is  in  error  by  0.01%,  and  upon  the  assumption  that  the  effects  of  all 
errors  are  in  the  same  direction,  the  sum  total  is  0.07%. 
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Pressure  atmosphere  Density  error  Effect  of  error 

1  +0.01  +0.01 

V«  -0.01  +Q.03 

Vi  +0.01  +0.03 


Total  +0.07 

In  view  of  this  unlikely  but  not  impossible  unfortunate  combination  of 
circumstances,  the  molecular  weight  of  hydrogen  bromide  as  found  by 
this  method  is  uncertain  by  0 .  07%  or  0 .  056  unit,  and  a  similar  uncertainty 
exists  in  the  atomic  weight  of  bromine. 

While  it  is  only  fair  to  say  that  the  above  estimate  of  the  error  of  the 
method  is  probably  excessive,  even  if  the  total  effect  were  only  ^/a  as  large, 
the  uncertainty  in  the  atonyc  weight  of  bromine  would  be  0.019  unit. 
It  is  unlikely  that  the  present  imcertainty  in  the  value  of  the  atomic  weight 
of  bromine  referred  to  oxygen  is  as  much  as  0.01  unit,  while  the  ratio 
of  bromine  to  silver  is  apparently  known  with  far  greater  accuracy. 
•  From  Moles's  results  Guye  calculates  the  atomic  weight  of  bromine 
to  be  79.923,  from  Reiman's  79.915,  from  the  average  density,  79.920. 
The  foregoing  considerations  indicate  that  the  concordance  of  this  result 
with  that  of  the  gravimetric  ratio  of  bromine  to  silver^®  (79.916  if  Ag 
=  107.88;  79.909,  if  Ag  =  107.87)  is  in  considerable  measure  fortuitous. 

Summary 

The  foregoing  brief  discussion  illustrates  some  of  the  pitfalls  which  be- 
set the  gas  density  method  of  determining  molecidar  weights.  No  method 
of  extrapolation  can  be  satisfactory  or  convincing  where,  as  in  this  case, 
the  accuracy  of  the  numerical  data  diminishes  as  the  region  to  be  extra- 
polated is  approached.  The  conclusion  cannot  be  avoided  that  while 
in  the  case  of  hydrogen  bromide  the  gas  density  method  of  determining 
molecular  weights  may  be  looked  upon  as  an  interesting  and  satisfactory 
corroboration  of  gravimetric  evidence,  its  value  ceases  at  that  point. 
To  use  such  evidence  as  a  criterion  upon  which  to  judge  the  best  gravi- 
metric evidence,  cannot  be  justified  upon  scientific  grounds. 

On  the  other  hand,  from  the  standpoint  of  the  universal  application 
of  Avogadro's  hypothesis  to  gases  at  low  pressures,  the  results  of  the  very 
careful  density  determinations  in  the  laboratory  of  Professor  Guye  are 
particularly  significant  and  convincing. 

CAMBRmcB  38,  Massachusbtts  s 

w  Baxter.  Proc.  Am.  Acad.,  42,  201  (1906);   This  Journal,  28,  1322  (1900);    Z. 
anorg.  Chem.,  50,  389  (1906). 
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THE    ELECTROCHEMICAL    BEHAVIOR    OF    LIQUID    SODIUM 

AMALGAMS 

By  Thbodorb  W.  Richards  and  James  Bryant  Conant 

Received  December  29. 1921 

The  significance  of  the  electrochemical  behavior  of  amalgams  in  relation 
to  the  general  behavior  and  nature  of  solutions  as  well  as  in  relation  to 
the  laws  of  thermodynamics  has  akeady  been  often  emphasized.  The 
literature  upon  the  subject  is  copious,  and  lack  of  space  prevents  a  detailed 
review.  Some  of  the  more  important  papers  are  named  in  the  accompany- 
ing list,  in  which  the  several  Harvard  investigations  upon  this  subject 
during  the  last  23  years  are  placed  at  the  conclusion.^ 

Sodium  amalgam  presents  points  of  especial  interest  not  only  because 
the  substance  is  so  much  used  as  a  reducing  agent,  but  also  because  the 
great  afiinities  involved  might  lead  one  to  expect  extreme  deviation  from 
the  simple  concentration  laws.  Moreover,  conflicting  data  concerning  it 
have  been  published,  without  as  yet  having  been  reconciled.^ 

Accordingly  the  careful  investigation  of  sodium  amalgam  was  under- 
taken some  years  ago.  The  electrochemical  part  was  finished  early  in 
1916;  the  thermochemical  part,  which  will  soon  be  published,  was 
studied  with  the  help  of  Mr.  John  Russell  in  1921. 

1  Tammann,  Z.  physik.  Chem.,  3,  441  (1889).  Ramsay,  /.  Chem.  Soc,  55,  521 
(1889).  Van  Turin,  Z.  physik.  Chem.,  5,  340  (1890).  Meyer,  Wied.  Ann.,  40,  244 
(1890).  Meyer,  Z.  physik.  Chem.,  7,  477  (1891).  Kerp,  Z.  anorg.  Chem.,  17,  284 
(1808);  25,  1  (1900).  Cady,  J.  Phys.  Chem.,  2,  561  (1898);  3,  107  (1899)  (corr.). 
Schoeller,  Z.  Elektrochem.,  5,  259  (1898).  Maey,  Z.  physik.  Chem.,  29,  119  (1899). 
Kumakov,  Z.  anorg.  Chem.,  23,  439  (1900).  Haber,  Z.  physik.  Chem.,  41,  399  (1902). 
Haber  and  Sack,  Z.  Elektrochem.,  8,  245  (1902).  SchuUer,  Z.  anorg.  Chem.,  40,  3^5 
(1904).  G.McP.  Smith,  ^w.  Chem.  J.,  36,  124  (1906);  37,  506  (1907);  38,  671  (1907). 
Von  Wogau,  Ann.  Physik.,  23,  345  (1907).  Smith,  Z.  anorg.  Chem.,  58,  394  (1908).  G. 
A.  Hulett  and  Del^ury,  This  Journal,  30, 1805  (1908).  Smith  and  Bennett,  This  Jour- 
nal, 32, 622  (1910) .  K.  Borncmann  and  others,  Metallurgie,  7, 396  (1910) ;  9, 473  (1912) ; 
Lewis  and  Kraus,  This  Journal,  32,  1459  (1910).  Vanstone,  Chem.  News,  103,  181 
(1911);  /.  Chem.  Soc,  105,  2617  (1914).  Hildebrand  and  Eastman,  This  Journal, 
36, 2020  (1914) ;  37,  2452  (1916).  Maclnnes  and  Parker,  ibid.,  37, 1451  (1915).  Rich- 
ards and  Lewis,  Proc.  Am.  Acad.,  34, 87  (1898).  Richards,  Wilson  and  Garrod-Thoipas, 
Carnegie  Inst.  Pub.,  118,  1  to  72  (1909).  Richards  and  Daniels,  Trans.  Am.  Electro- 
chem.  Soc.,  22,  343  (1912);   This  Journal,  41,  1732  (1919). 

A  fairly  complete  historical  accotmt  of  the  earlier  work  is  found  in  the  paper  by 
Richards  and  Forbes,  Carnegie  Inst.  Pub.,  56,  1  (1906).  This  has  been  brought  up  to 
1918  in  the  thesis  presented  for  the  doctor's  degree  to  the  Faculty  of  Arts  and  Sciences 
of  Harvard  University  by  Farrington  Daniels,  June,  1918. 

«  Meyer,  Wied.  Ann.,  40,  244  (1890).  Cady,  J.  Phys.  Chem.,  2,  551  (1898);  with 
correction,  3,  107  (1899).  Schoeller,  Z.  Elektrochem.,  5,  259  (1898).  Haber  and  Sack, 
ibid.,  8,  245  (1902).    Lewis  and  Kraus,  This  Journal,  32,  1459  (1910). 
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The  Preparation  of  Substances 

After  several  rather  unsuccessful  attempts,  the  method  of  preparing 
the  sodium  amalgams  from  mercury  and  the  solid  metal  used  by  Lewis 
and  his  collaborators'  and  Maclnnes  and  Parker^  was  rejected  as  incon- 
venient and  the  amalgam  was  prepared  by  electrolysis.*  A  saturated 
solution  of  pure  sodium  carbonate  (four  times  recrystallized  and  centri- 
f uged)  was  electrolyzed  in  a  cell  consisting  of  an  ample  mercury  cathode 
and  an  anode  of  platinum  foil;  a  wide-mouthed  half -liter  bottle  served 
as  the  container.  After  passing  a  current  of  4  amperes  for  a  few  hours, 
the  amalgam  became  pasty  and  the  process  was  stopped  The  electro- 
lyte was  poured  off  as  completely  as  possible  and  the  amalgam  was  thor- 
oughly agitated  with  4  or  5  fresh  portions  of  distilled  water  and  subsequently 
with  2  portions  of  alcohol.  It  was  transferred  to  a  small  flask  which  was 
evacuated  and  heated  for  some  minutes.  Having  been  thus  dried,  it 
was  placed  while  still  hot  in  a  desiccator  where  it  remained  until  it  was 
diluted,  filtered  through  a  capillary  tube  (which  eliminated  the  film  of 
hydroxide)  and  transferred  directly  to  the  electrodes,  as  described  below. 

The  sodium  hydroxide  solution  used  as  electrolyte  in  the  measuring  cells  was  pre- 
pared from  pure  sodium  amalgam  and  water,  the  action  being  hastened  by  making 
the  amalgam  the  anode  in  a  suitable  cell.    This  solution  was  approximately  0.5  N. 

Mercury  was  purified  by  repeatedly  dropping  it  in  a  fine  stream  through  a  solution 
of  mercurous  nitrate  and  nitric  acid.  It  was  subsequently  distilled  in  a  current  of  air 
and  then  in  a  current  of  pure  hydrogen. 

Hydrogen  was  prepared  by  the  electrolysis  of  dil.  sodium  hydroxide  solution, 
and  was  passed  through  a  tower  of  glass  beads  covered  with  sodium  hydroi^ide  solution, 
through  a  hot  tube  containing  platinized  asbestos,  over  solid  potassium  hydroxide 
and  finally  over  phosphorus  pentoxide. 

The  Cell  and  Its  Manipulation 

The  cell  previously  used  by  one*  of  us  could  not  be  used  in  this  research 
because  of  the  rapid  action  between  sodium  amalgam  and  aqueous  so- 
lutions. There  were  two  alternatives, — either  to  work  in  an  anhydrous 
medium  or  to  use  an  aqueous  electrolyte  and  circumvent  the  action  of 
the  amalgam  on  the  water  by  the  use  of  a  special  form  of  electrode.  The 
first  alternative  had  been  chosen  by  Cady  and  Haber,  the  second  by  Meyer, 
Schoeller,  and  Maclnnes  and  Parker,  while  Lewis  used  both  methods.' 
To  us  the  second  alternative  seemed  to  be  the  most  convenient.    Lewis's 

'  G.  N.  Lewis  and  Kraus,  Ref.  1. 

«  Maclnnes  and  Parker,  Tms  Journal,  37, 1451  (1915).  They  prepared  potassium 
not  sodium  amalgam. 

*  After  this  method  had  been  elaborated,  Lewis,  Adams  and  Lanman  published 
a  somewhat  similar  method,  having  abandoned  the  earlier  process.  Tms  Journal,  37, 
2656  (1915). 

•  Richards  and  Forbes,  Carnegie  InsL  Pub.,  56  (1906). 
^  Lewis  and  Kraus,  Ref.  1. 
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electrode  was  consequently  taken  as  a  model;  numerous  modifications 
of  it  were  tried  before  a  satisfactory  apparatus  was  obtained. 

We  fotmd  that  the  cell  must  meet  the  following  requirements:  (1) 
each  amalgam,  should  be  measurable  against  several  other  amalgams; 
(2)  each  amalgam  should  be  held  in  a  protecting  container,  which  should 
always  deliver  an  amalgam  of  the  same  composition  for  potential  measure- 
ments and  for  analysis;  (3)  the  two  amalgam  surfaces  between  which 
the  potential  is  being  measured  should  be  constantly  changing,  and  the 
movements  of  the  two  surfaces  should  be  as  nearly  as  possible  synchro- 
nous. 

These  specifications  were  fulfilled  by  a  cell  composed  of  two  electrodes 
constructed  as  shown  in  the  accompanying  illustration. 

Each  electrode  (Fig.  1)  had  its  own  reservoir  of  amalgam  and  was  provided  with 
a  side>tube  B  and  a  leveling  bulb  A  containing  mercury  which  ensured  sufficient  pressure 
to  cause  the  amalgam  to  flow  out  when  desired.  The  capillary  tube  D  was  likewise 
fiUed  with  the  amalgam,  electrical  contact  being  made  by  means  of  a  sealed-in  platinum 
wire  and  a  side- tube  E  containing  mercury.  The  shape  of  the  orifice  is  of  great  im- 
portance, since  with  an  ordinary  opening  there  is  a  tendency 
for  the  amalgam  to  recede  after  each  drop  has  been  ejected, 
thereby  drawing  in  small  amounts  of  the  electrolyte  and 
also  greatly  changing  the  resistance  of  the  cell.  An  excel- 
lent aperture  (see  Fig.  2)  was  obtahied  by  allowing  the 
end  of  the  capillary  tube  to  fall  together  in  a  flame  and 
subsequently  grinding  ^way  the  glass  until  the  top  of  the 
arch-shaped  cavity  was  reached.  A  file-scratch  was  cut  in 
each  stopcock  in  the  usual  way,  thus  allowing  the  rate  of 
egress  of  the  amalgam  to  be  easily  and  accurately  ad- 
justed. The  stopcock  was  not  greased  in  the  middle,  in 
order  to  avoid  contaminating  the  amalgams. 

Each  electrode  was  filled  in  the  following  manner. 
Clamped  horizontally  and  seal^  to  a  larger  glass  vessel 
[(A)  Fig.  3]  by  means  of  a  0.2  mm.  capillary  tube  (C),  it 
was  dried  when  warm  by  a  current  of  very  dry  air  drawn 
through  the  apparatus  for  20  minutes.  The  desired  amal- 
gam was  next  introduced  through  B  into  the  large  reser- 
voir (A).  This  amalgam  had  been  prepared  by  suitably 
diluting  with  pure  mercury  some  of  the  semi-solid  electro- 
Ijrtic  amalgam,  rough  analyses  having  determined  approxi- 
mately the  desired  concentration.  After  the  introduction 
of  the  amalgam  through  B  into  A,  the  whole  system  was 
attached  to  a  pump  at  B  and  alternately  evacuated  and 
filled  with  pure  hydrogen  and  finally  partially  evacuated. 
The  electrode  ssrstem  was  now  turned  through  180®  around 
a  lengthwise  horizontal  axis  and  slightly  inclined,  the  amal- 
gam thus  collecting  in  one  end  of  A.  By  allowing  hydrogen 
to  enter  at  B,  the  amalgam  was  forced  through  the  capil- 
lary tube  C  into  the  reservoir  of  the  electrode,  thus  being 
filtered   from  its  film  of  hydroxide.     When  the  electrode 


Fig.  1. — ^A  single  elec- 
trode, the  amalgam  being 
placed  in  C. 
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reservoir  was  full,  the  capillary  tube  was  sealed  off,  the  electrode  returned  to  its  normal 
vertical  position,  the  apparatus  filled  with  hydrogen  through  the  projecting  side-tube 
and  mercury  run  into  the  leveling  bulb.  The  capillary  tube  was  next  exhausted, 
dried,  and  completely  filled  with  amalgam. 

For  the  determination  of  the  difference  between  their 
pr-j      electromotive  effects,  two  such  electrodes  were  supported  side 

Uby  side  in  such  a  manner  that  the  apertures  at  the  ends  of  the 
capillary  tubes  were  as  dose  together  as  possible  and  about 
a  centimeter  below  the  surface  of  the  electroljrte  of  pure  so- 
dium hydroxide  solution  which  was  contained  in  a  half-liter 
beaker.  Hydrogen  was  bubbled  through  the  electrolyte,  thus 
keeping  it  stirred  and  free  from  dissolved  air.  The  tem- 
perature of  the  thermostat  employed  was  held  constant  with- 
in 0.006*. 

Lewis  and  Jackson,*  Walker,*  Baker*®  and  others 
have  shown  the  great  influence  of  traces  of  impurities 
upon  the  speed  of  reaction  between  water  and  sodium 
amalgam.  By  preparing  pure  sodium  amalgam  and 
pure  sodium  hydroxide  it  was  hoped  that  this  action  might  be  made  as 
slow  as  possible. 

Preliminary  measurements  showed  that  when  fresh  globules  of  amal- 
gam were  allowed  to  form  at  each  electrode  and  the  surfaces  then  kept 
stationary,  the  potential  between  them  was  not  constant  for  any  length 
of  time,  but  steadily  increased.  With  amalgams  containing  more  than 
0. 1%  of  sodiiun  this  increase  was  not  more  than  0. 1  mv.  in  5  or  10  min- 
utes; but  for  more  dilute  amalgams  the  increase  was  so  rapid  that  re- 
producible results  with  stationary  electrodes  could  not  be  obtained.    This 


Fig.    2.— Detail 
single  electrode  tip. 


of 


Fig.  3.— Method  of  filling  electrode. 


must  be  due  to  a  greater  percentage  loss  of  sodium  on  the  smiace  of  dilute 
than  on  the  surface  of  concentrated  amalgams.  In  other  words,  the 
losses  in  sodium  were  more  nearly  identical  in  each  case  than  were  the 
original  concentrations.  Since  the  potential  of  the  cell  is  a  function  of  the 
ratio  of  the  two  concentrations,  subtracting  a  nearly  equal  amount  from 
both  concentrations  will  increase  the  value  of  the  ratio  and  consequently 
the  observed  electromotive  force. 

To  obviate  this  change  in  potential  and  to  enable  the  method  to  be 
used  with  amalgams  of  all  concentrations,  a  device  shown  in  Fig.  4  was 

«  Lewis  and  Jackson,  Proc,  Am.  Acad.,  41,  403  (1906). 

•  J.  W.  Walker  and  Paterson,  Trans.  Am.  Ekarochem.  Soc.,  3,  186  (1903). 

"  Baker  and  Parker,  /.  Chem.  Soc.,  103,  2060  (1913). 
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Fig.  4.— The  details  of 


employed.  A  glass  rod  was  bent  and  supported  in  such  a  way  that  it 
could  be  moved  across  the  tops  of  the  capillary  tubes  simultaneously, 
brushing  off  the  two  globules  of  amalgam.  In  determining  the  electro- 
motive force  of  the  cell  the  stopcocks  were  turned 
so  that  the  amalgams  slowly  issued  at  about  the 
same  rate  from  their  respective  openings.  After 
the  glass  arm  had  moved  across,  brushing  a  way 
the  drops  which  were  forming,  the  subsequent 
drops  on  each  electrode  started  at  the  same  mo- 
ment and  formed  at  approximately  the  same  rate. 
If  the  potential  was  measured  during  this  time,  a 
definite,  constant  electromotive  force  of  the  cell 
could  be  determined.  Only  by  the  use  of  this 
method  could  consistent  and  reproducible  residts  two  electrodes  with  ar- 
be  obtained  with  the  very  dilute  amalgams.  When  rangement  for  the  removal 
the  amalgams  were  allowed  to  drop  slowly  from  ^J^^"'^'''*^  ^''''^  synchro- 
the  electrode  and  the  potential  was  determined 

without  the  aid  of  the  arm,  the  results  varied  appreciably.  This  was 
probably  due  to  the  fact  that  unless  the  drops  on  each  electrode  started 
at  the  same  moment,  a  comparatively  large  old  siuiace  might  be  meas- 
ured against  a  small  new  one.-  That  the  results  obtained  by  this  method 
are  much  better  than  results  from  standing  or  irregular  drops  is  clear. 
Whether  with  the  most  dilute  amalgams  the  results  were  wholly  free 
from  error  due  to  solution  of  sodium  is  imcertain.  In  the  case  of  the 
most  concentrated,  more  safely  measiu-ed,  amalgams  the  values  obtained 
were  identical  with  potentials. measured  with  a  stationary  surface,  and 
are  probably  to  be  depended  on  within  0.05  mv.  Moreover,  it  will  be 
shown  later  that  the  results  were  thermodynamically  consistent. 

The  Analysis  of  the  Amalgams 

The  method  of  analysis  employed  was  in  principle  that  employed  in 
1913  by  one  of  us  in  collaboration  with  F.  Daniels  in  the  case  of  thalliiun,** 
and  independently  recommended  by  Lewis*^  in  his  recent  paper  on  "The 
Electrical  Transference  in  Amalgams.*' 

After  the  rejection  of  the  first  10  or  12  drops  of  amalgam  (for  obvious  reasons,  if 
the  apparatus  had  been  quiet  for  any  considerable  time)  about  10  g.  was  run  from  the 
electrode  into  a  previously  weighed  Erlenmeyer  flask,  which  was  then  reweighed.  A 
little  more  than  the  needed  approximately  known  quantity  of  standardized  0.01667  N 
hydrochloric  add  was  run  into  the  flask,  which  was  again  weighed,  and  the  flask  was 
stoppered  and  thoroughly  shaken.  Shaking  was  stopped  as  soon  as  the  mercury  broke 
up  into  minute  permanent  globules,  showing  complete  extraction  of  the  sodium.  ^^ 

"  Richards  and  Daniels,  Tms  Journai,,  41,  1736  (1919).  The  publication  was 
delayed  by  the  war. 

"  Lewis,  ibid.,  37,  2666  (1916). 


Digitized  by  LjOOQ IC 


606       THEODORE  W.  RICHARDS  AND  JAMBS  BRYANT  CONANT 

The  contents  of  the  flask  were  now  titrated  with  O.0Q25  N  barium  hydroxide  aolntion, 
the  sdution  being  stirred  with  a  current  of  air  free  from  carixm  dioxide.  Rosolic 
add,  used  as  the  indicator  gave  an  end-point  within  0.1  cc.  of  hydroxide  (or  0.00005 
g.  of  sodium).  Thus  by  using  a  10  g.  sample,  an  amalgam  containing  only  0.01% 
of  sodium  could  be  analjrzed  with  an  accuracy  of  about  0 .5%.  The  barium  hydroxide 
was  standardized  against  carefully  prepared  0 .01  N  oxalic  add.  Duplicate  analjrses 
of  amalgams  (never  |nore  different  than  0.6%  and  usually  within  0.1%)  were  alwajrs 
made. 

The  Measurement  of  Electromotbe  Force 

The  potentiometer  was  a  recent  modd  Wolff  instrument  of  the  best  quality.  Ac- 
tuated by  two  large  dilute  cadmium  cells  (according  to  Hulett),  it  was  standardized 
by  a  number  of  other  carefully  prepared  Weston  cells  (taken  as  1 .0184  volt  —0.00004 
(/  —  20**)  volt)  and  used  with  a  sensitive  Leeds  and  Northrup  d'Arsonval  galvanometer. 
Inddentally,  the  potentiometer  was  compared  with  that  used  in  the  earlier  work  on 
thallium  amalgams,  and  the  two  were  found  to.  give  identical  values  (within  a 
reasonable  very  small  limit  of  error)  for  several  zinc  amalgam  cells.  Thus  the  two 
instruments  mutually  confirmed  one  another. 

The  potential  of  each  soditun  amalgam  cell  was  determined  by  a  series 
of  approximations.  The  potentiometer  having  been  set  at  nearly  the 
potential  to  be  measured,  the  amalgams  were  allowed  to  flow,  and  im- 
mediately after  the  electrode  surfaces  had  been  brushed  with  the  arm, 
the  galvanometer  circuit  was  closed  and  the  deflection  noted.  This 
procedure  was  repeated  until  two  settings  of  the  potentiometer  were 
found  that  caused  equal  but  opposite  deflections  of  the  galvanometer; 
the  true  electromotive  force  was  taken  as  the  mean  of  these  two  readings, 
which  were  usually  about  0.00005  volt  apart.  To  secure  exact  results 
the  galvanometer  circtut  must  be  closed  at  the  moment  when  fresh  glob- 
ules simultaneously  start  to  form  on  both  electrodes. 

Summary  of  Results 

The  potentials  of  all  the  cells  which  were  measured  satisfactorily  at 

25**  according  to  the  procedture  as  described  above  are  given  in  Table  I. 

Three  preliminary  electrodes  (6,  8,  12)  containing  very  dilute  amalgam, 

and  measured  before  the  technique  for  dilute  amalgams  had  been  mas- 

Tabls  I 

MBA8UR8M9NTS  OF  E.M.F.  AT  25 .00* 

For  the  concentrations  of  the  various  amalgams  see  Table  III 

CeU 
composed  of  R.m.f. 

electrodes  Nos.  at  25.0* 

Mv. 

4-5  52.58 

7-  6  36.10 

9-10  66.45 

13-11  33.80 

13-14  42.18 

14-15  12.82 

13-16  54.93 

15-16  9.74 


Cen 

composed  of 

cwcxTocm  x^os. 

E.m.f. 

atOS.O^" 

Mv. 

16-17 

4.99 

15-17 

14.73 

18-19 

57.14 

19-16A 

46.36 

18-16A 

103.50 

18-20 

35.77 

20-21 

53.12 

21-22 

19.43 
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tered,  were  rejected.    They  gave  values  1.5  mv.  greater  than  Nos.  17 
and  22. 

The  consistency  of  the  results  was  confirmed  in  the  usual  way  by  com- 
paring the  values  of  three  electrodes  measured  in  pairs.  Typical  results 
are  given  below.  In  no  case  was  the  difference  between  the. sum  of  A— B 
and  B— C,  and  the  observed  value  of  A— C  greater  than  0.08  mv.,  and 
it  was  usually  less  than  0.05. 

Tablis  II 

COMPARTSON  OP  VaLUKS 

B.in.f.  in  millivolts 

Electrode                     I                        H                      III  IV  Difference 

Noa.  A >-B  B >-C  A >-C        Sum  I  +  II         III-IV 

15,14.13  12.82  42.18  64.93  65.00  -0.07 

17.16,15  4.99  9.74  14.73  14.73  -0.00 

From  the  values  in  Table  I  a  consistent  table  of  all  the  electromotive 
forces  may  obviously  be  built  up  in  the  usual  way,  basing  all  upon  the 
most  concentrated  amalgam."  These  values  (7r2)  are  given  in  the  fifth 
column  of  Table  III,  the  concentrations  of  each  amalgam  being  recorded 
in  the  second  column  of  this  table.  The  fourth  coliunn  gives  the  potentials 
which  would  have  been  observed  if  the  simple  thermodynamic  concen- 
tration-equation 

RT,    Vt 


Tl' 


T'"?; 


were  fulfilled. 


Tabi^  III 
Elbctromotivs  Forces 


Electrode 
No. 

9 
18 

4 

7 
20* 
13* 
10 

6 
19 
11 
14 
21 
15 
16 
16A 
17 
22 


Na  in 

amalgam 

.% 

0.551 
0.416 
0.393 
0.2895 
0.1978 
0.1862 
0.1815 
0.1174 
0.1102 
0.0707 
0.0533 
0.0396 
0.0344 
0.0240 
0.0236 
0.0200 
0.0197 


Vt/n,  or 

dilution  in 

terms   of  No.  9 


Potential  if  No.  9<-0 


Gale. 


1.323 
1.403 
1.903 
2.790 
2.96Q 
3.035 
4.69 
5.00 
7.795 
10.33 
13.90 
16.00 
22.98 
23.35 
27.56 
27.95 


7.18 
8.68 
16.51 
26.32 
27.83 
28.47 
39.65 
41.30 
52  69 
59.89 
67.61 
71.12 
80.41 
80.83 
85.07 
85.45 


Obs. 


17.15 

20.63 

37.11 

[52.92]* 

[55.54]* 

56.45 

73.21 

74.29 

89.34 

97.66 

106.04 

110.47 

120.20 

120.65 

125.20 

125.47 


Ar 
Difference 


9.97 
11.95 
20.60 
[26.601* 
[27.70]* 
27.98 
33.56 
32.99 
36.65 
37.76 
38.53 
39.35 
39.79 
39.82 
40.13 
40.02 


•  The  values  for  Ax  for  electrodes  Nos.  13  and  20  were  found  by  interpolation  from 
the  other  results;  t2  was  then  found  by  adding  At  and  ti. 


"  See  Ref.  6,  pp.  35,  43. 
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The  figures  in  the  last  column  of  the  foregomg  table,  which  give  the 
differences  (Air)  between  the  observed  potentials  (irt)  and  the  theoretical 
but  obviously  inadequate  concentration  effects  (iri)  are  at  first  more  than 
half  the  observed  value,  the  deficiency  of  the  theoretical  e.m.f.  being 
almost  exactly  half  the  observed  value  between  concentrations  0.55 
and  0. 19%  by  weight  (or  4. 7  and  1 .  65  atom-per  cent.)  This  deficiency 
is  considerably  larger  even  than  in  the  case  of  thallitmi,^^  where  the  de- 
ficiency of  the  theoretical  e.m.f .  for  a  similar  atom-per  cent,  relation  was 
only  about  one-quarter  instead  of  only  half  of  the  observed  value.  Evi- 
dently where  great  aflSnities  are  involved,  as  in  the  case  of  soditun  and  mer- 
cury, the  concentration  law  is  a  very  poor  guide  to  potential.  This  matter 
will  be  considered  in  detail  later. 

The  observed  values  were  plotted  in  the  accompanying  diagram,  (Fig. 
5),  by  first  laying  down  9,  and  10,  then  4  to  12,  and  finally  placing  13  on 
the  curve  of  the  first  series  in  a  locus  determined  by  its  concentration.  This 
is  the  graphic  equivalent  of  the  method  used  in  constructing  Table  III. 
Evidently  the  results  are  very  consistent:  The  points  form  a  smooth  and 
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Fig.  5. — Graph  of  dectromotive  force  between  amalgams. 

continuous  curve.  On  the  whole  they  seem  to  be  quite  as  good  as  could 
be  expected  in  an  aqueous  electrolyte  with  so  reactive  a  substance  as 
sodium  amalgam. 

On  comparing  these  results  with  the  few  earlier  values  obtained  by  Meyer* 
and  by  Cady,*  a  fair  degree  of  agreement  between  them  all  is  found,  al- 
though at  the  time  the  early  values  appeared  to  be  mutually  inconsistent. 
Cady's  two  cells  gave  potentials  of  91  and  95  millivolts,  respectively, 
whereas  our  corresponding  values  (found  from  the  ciu^e)  are  93.5  and 
99.8  respectively.  Meyer's  single  crude  measurement  gave  12  instead 
of  our  estimate  17.4. 

**  Richards  and  Daniels,  Ref.  11,  p.  1740.     Amalgams  B  and  D. 
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The  Temperature  Coefficients 

The  temperature  coefficients  of  4  cells  were  determined  by  measuring 
their  electromotive  forces  at  15°,  25°,  and  35°.  By  making  all  the  meas- 
urements on  each  cell  within  a  few  hours,  possible  errors  due  to  changes 


TablB  IV 

Effbct  op  ' 

rSMPBRATURB  ON  E.M.P. 

Electrodes 

N09. 

Electromotive  force  of 
the  cell  in  millivolts 

At/AP 

Average 

15» 

25» 

35  <» 

15-25»          25-36'» 

18-20 

34.84 

35.77 

36.67 

0.156  •     0.154 

0.155 

18-19 

55.82 

57.38- 

58.92 

0.093        0.090 

0.0915 

20-21 

51.48 

53.12 

54.73 

0.164        0.161 

0.1625 

21-22 

18.84 

19.43 

20.05 

0.059        0.063 

0.061 

"  A  different  value  from  that  given  in  Table  I.     The  measurements  above  were 
made  some  days  later,  Amalgam  19  having  slightly  changed  in  concentration. 

in  concentration  of  the  amalgams  were  avoided.    The  agreement  between 
the  value  of  the  temperatiu-e  coefficient  as  calculated  from  15°  to  25° 
and  from  25°  to  35°  was  satisfactory,  and  affords  further  evidence  of  the 
acciu-acy  of  all  the  results.    Table  IV  records  the  measturements. 
That  these  values  of  Aw/  AT  are  much  smaller  than  those  demanded 

by  the  perfect  gas  law  is  shown  by  the  following  table,  which  gives , 

7r25oAT 

a  quantity  which  should  equal  0.003355  if  the  perfect  gas  law  held  in 
the  mercurial  solution. 

Tablb  V 
Ratio  of  Tbmpbraturb  Cobfficibnts  to  Potential 


Sodium  in 

Sodium  in 
second  amalgam  Ct 

% 

Av.  Value  of  . 
Ar/AT 

•     At 

t  amalgam  Ci 
% 

irnTA 

0.416 

0.1978 

0.0915 

0.00260 

0.416 

0.1102 

0.155 

0.00264 

0.1978 

0.0396 

0.1625 

0.00306 

0.0396 

0.01972 

0.061 

0.00314 

Evidently  the  temperature  coefficient  approaches  perfect  regularity 
as  dilution  increases;  at  the  point  where  the  potential  itself  corresponds 
to  the  concentration  law,  the  temperature  coefficient  would  doubtless 
equal  that  required  by  the  law  of  Charles. 

The  Helmholtz  Equation  and  the  Heat  of  Transfer  of  Sodium 

Aside  from  a  few  rough  experiments  of  Berthelot^^  and  a  few  more  of 
Cady'  on  heats  of  dilution,  there  has  been  no  thermochemical  study  of 
sodium  amalgams.  It  has  been  shown  that  these  data  are  not  directly 
applicable  to  the  thermodynamic  consideration  of  the  electrochemical 
results,  because  the  latter  involve  not  dilution,  but  rather  transfer  of 
»  Bcrthdot.  Ann.  Mm,  phys.,  [5]  18,  442  (1879). 
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sodium  from  a  more  concentrated  to  a  more  dilute  amalgam.^'  The  total 
energy  change  involved  in  this  latter  process  may,  of  course,  be  calculated 
from  the  Hehnholtz  equation  using  the  results  tabulated  above;  in  this 
.  case  it  is  practically  equal  to  the  change  in  heat  content.  The  following 
table  records  the  values  of 

U  ^nwF-  nFT-r^ 
AT 

Tablb  VI 
ToTAi,  Energy  Changs 

Sodium  Di*^'  ^  >o 

Ci  Ct  »»•  Av/AT  w/P  ^^"Ef  joules 

%  % 

0.416  0.1978  0.03577  0.0000915  3451  2632  819 

0.416  0.1102  0.05738  0.000155  5540  4459  1081 

0.1978  0.0396  0.05312  0.0001625  5129  4674  455 

0.0396  0.01972  0.01943  0.000061  1875  1755  120 

These  values  have  been  confirmed  by  actual  measurements  of  the  heat 
of  dilution  of  amalgams,  which  will  be  recounted  in  a  later  paper. 

As  would  be  expected  the  heat  of  transfer  (17)  decreases  rapidly  with 
increasing  dilution.  With  concentrated  solutions  the  amount  of  heat 
evolved  is  greater  than  for  equivalent  proportions  (on  the  gram  atom  basis) 
of  the  other  amalgams  investigated  in  this  laboratory.  The  amount  of 
heat  evolved  in  the  transfer  of  a  gram  atom  of  thallimn^^  over  the  range 
corresponding  to  the  first  of  the  above  cells  is  not  over  650  joules  instead 
of  819. 

In  1898  Cady*  proposed  the  following  equation, 

RT^  Cx  ,    V 
nF      Cx      nF 

This  can  be  true  only  when  the  simple  concentration  law  holds  for  the 
osmotic  part  of  the  effect,  and  when  no  change  of  heat  capacity  occurs.'^ 
When  combined  with  the  Hehnholtz  equation,  it  gives  the  following  re- 
lationship, 

R  ,    Cx       At 
nF     C%      AT 

an  expression  which  gives  a  method  of  testing  the  Cady  equation  without 
determining  !/.*•  A  comparison  of  the  two  members  cf  the  above  equa- 
tion taken  from  the  foregoing  data  is  given  in  Table  VI.  Obviously 
in  all  cases  except  the  most  dilute  solution  the  two  members  show  consider- 
able lack  of  equality.  This  is  probably  due  chiefly  to  failure  of  the  con- 
centration law,  but  perhaps  partly  to  the  effect  of  changing  heat  capacity. 

»•  Ref.  11,  p.  1761. 

"  Ref.  11,  p.  1760.     The  value  is  taken  from  the  curve. 

"Richards,  Z.  physik.  Chem.,  A2,  145  (1902);    Proc.  Am,  Acad.,  38,  308    (1902). 

"  Richards,  Wilson  and  Garrod-Thomas,  Ref.  1,  p.  59. 
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Here  again  the  concentration  law  gives  too  small  quantities.  We  are 
inclined  to  accept  the  often  suggested  explanation  of  hydrargyration  of 
the  dissolved  sodium. 

Tablb  VII 

CONCBNTRATION  EFFBCT  AND  TSMPERATURB  CoBVFlcmNTS 

RlnCi/Ct  A  w 

Ci                             Ct                         Ci/Ct                         P  AT 

0.416                0.1978                2.109                0.0642  0.0915 

0.416                0.1102                3.780                0.1145  0.1650 

0.1978              0.0306                4.990                0.1380  0.1625 

0.0396             0.01972             2.010               0.0600  0.0610 

Further  theoretical  considerations  are  postponed  tmtil  the  thermo- 
chemical  data  are  ready  for  publication. 

We  are  greatly  indebted  to  the  Carnegie  Institution  of  Washington  for 
much  of  our  apparatus. 

Summary 

1.  Improvements  have  been  effected  in  the  electrolytic  preparation 
and  the  subsequent  manipulation  of  pure  liquid  sodium  amalgam,  as  well 
as  in  the  apparatus  for  the  measurement  of  the  electromotive  force  of 
sodium  amalgam  concentration  cells  with  aqueous  electrolyte. 

2.  The  electromotive  forces  of  many  concentration  cells  of  liquid 
sodium  amalgam  have  been  measured  at  25^  and  a  few  cells  also  at  15^ 
and35^ 

3.  The  deviations  of  these  potentials  from  the  simple  concentration- 
law  were  found  to  be  greater  in  sodium  amalgam  than  with  any  other 
mercurial  solution  hitherto  studied  in  detail. 

4.  The  heats  of  transfer  of  soditun  from  one  amalgam  to  another 
calculated  by  the  Helmholtz  equation,  are  found  to  be  unusually  large. 

CaICBIUDGB  38,  MASSACm7S8TTS 


NOTES 

The  Sapid  Analysis  of  Potassium  Perchlorate. — In  reviewing  the 
various  methods  proposed  for  the  anidysis  of  potassium  perchlorate,  it  is 
noted  that  the  only  principle  that  has  been  successfully  applied  is  that  of 
heating  the  perchlorate,  either  alone  or  nuxed  with  some  other  substance. 
In  the  ptactical  application  of  the  principle  the  loss  by  volatilization  of  the 
resulting  potassium  chloride  is  the  greatest  source  of  error. 

The  method  of  heating  the  perchlorate  with  manganese  dioxide  has  given 
such  satisfactory  results  that  it  has  been  thought  worth  while  to  record  the 
procedure. 

^  A  0.5g.  sample  of  potassium  perchlorate  is  intimately  mixed  in  an  agate 
mortar  with  1.0  g.  of  manganese  dioxide.  The  charge  is  transferred  to 
a  porcelain  crucible  and  heated  for  15  minutes  at  a  temperature  of  600- 
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700^.  After  cooling,  the  mass  is  extracted  with  hot  water,  filtered,  and  the 
chlorine  determined  by  either  Mohr's  or  Volhard*s  method.  The  results 
obtained  average  about  0.2  to  0.3%  low,  indicating  a  small  loss  by 
volatilization,  but  are  sufficiently  accurate  for  most  ptuposes.  Should 
greater  accuracy  be  desired,  the  method  of  Lamb  and  Marden^  of  heating 
the  perchlorate  alone  in  a  glass  test-tube  and  retaining  the  ftunes  evolved 
with  a  plug  of  asbestos  wool,  may  be  employed.  When  manganese  dioxide 
is  used,  a  blank  is  necessary  inasmuch  as  commercial  as  well  as  native 
manganese  dioxide  always  contains  a  small  amount  of  chlorine. 

Dbpartbibnt  of  Chemistry  Victor  Lbnhbr  and  Martin  Tostbrud 

University  of  Wisconsin 
Madison,  Wisconsin 

Received  October  8,  1921 

Electrolytic  Reduction  of  Chromic  Chloride  to  the  Divalent  Salt.^ — 

The  problem  of  chromium  reduction  arose  in  connection  with  the  work 
done  at  the  Edgewood  Laboratory  on  a  method  for  producing  ethylene  from 
acetylene  by  the  use  of  a  solution  of  chromous  chloride  as  a  reducing  agent. 
It  was  proposed  to  convert  the  chromic  chloride  produced  by  the  acetylene 
treatment  back  to  the  divalent  salt  by  means  of  electrolytic  reduction. 
The  investigations  described  in  the  present  communication  were  tmder- 
taken  to  find  conditions  whereby  it  would  be  possible  to  obtain  satisfactory 
yields  of  chromous  chloride. 

In  the  electrolytic  reduction  of  chromic  to  chromous  chloride  the  prin- 
cipal source  of  inefficiency  is  the  production  of  hydrogen  gas  at  the  cathode. 
In  some  of  our  preliminary  attempts  at  reduction  an  insoluble  deposit 
formed  on  the  cathode.  The  formation  of  such  a  coating  of  course  repre- 
sented inefficiency  as  far  as  the  production  of  chromous  chloride  was 
concerned.  However,  the  conditions  under  which  the  experiments  re- 
ported herewith  were  carried  out  were  such  as  to  prevent  the  formation 
of  any  such  deposit,  and  we  may  therefore  regard  the  production  of  hydro- 
gen gas  as  the  only  source  of  inefficiency  in  these  particular  experiments. 
Just  what  caused  the  deposit  to  appear  in  the  preliminary  work  is  unknown, 
but  it  may  have  been  due  to  impurities  in  the  chromic  chloride  solution, 
or  to  too  high  current  density  when  the  chromic  concentration  of  the 
solution  became  small. 

The  following  procedure  was  adopted  as  a  means  of  determining  the  part 
of  the  current  used  for  reduction  purposes:  the  hydrogen  evolved  from  the 
cathode  in  a  given  time  and  by  a  known  amount  of  current  was  measured 
and  reduced  to  standard  conditions;  the  total  hydrogen  which  woidd  have 
been  evolved  by  the  current,  had  none  of  it  been  used  for  reduction  pur- 

*  Lamb  and  Marden,  This  Journai,,  34, 812  (1912). 

^  Published  by  permission  of  General  Amos  Fries,  Chief  of  the  Chemical  Warfare 
Service. 
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poses,  was  calculated  from  the  known  current  amperage;  the  diflference 
between  this  volume  and  the  volume  actually  evolved  represented  the 
amount  used  in  reducing  chromic  chloride  and  was  a  measure  of  the  effi- 
ciency. The  results  obtained  by  this  procedure  were  found  to  check 
those  obtained  by  determining  the  chromous  chromium  produced  by  a 
given  amount  of  current. 

The  reduction  was  carried  out  in  an  ordinary  2-compartment  cell,  with 
a  spiral  spongy  lead  cathode  surrounded  by  5  graphite  anodes.  The  2 
compartments  were  separated  by  a  porous  cup  of  rather  fine  structure.  In 
order  to  obtain  the  best  results  it  was  found  essential  to  provide  for  a  stirrer 
in  the  cathode  compartment. 

Numerous  experiments  were  performed  with  results  similar  to  those 
reported  in  Table  I.  The  efficiency  was  good  at  the  beginning  of  the 
reduction  when  the  concentration  of  chromic  chromium  was  high,  but  as 
this  was  constuned  the  efficiency  fell  oflf  rapidly.  In  some  experiments 
where  the  reduction  was  carried  on  until  86%  of  the  chromium  was  re- 
duced, only  9%  of  the  current  was  being  used  to  reduce  the  remaining 
chromic  chromiiun. 

It  seemed  that  the  efficiency  might  be  a  linear  function  of  the  chromic-ion 
concentration.  In  order  to  prove  this  the  action  was  assumed  to  be  that  of 
nascent  hydrogen  produced  by  the  current  at  the  cathode  on  trivalent 
chromium,  thus,  Cr+++  +  H  — >•  Cr++  +  H+.  When  hydrogen  gas  was 
being  given  off  at  the  cathode  even  in  small  quantities  we  have  assumed 
that  the  concentration  of  nascent  hydrogen  was  constant  and  at  its  maxi- 
mum. If  this  is  true  and  if  the  reaction  proceeds  as  indicated,  the  rate  of 
reduction  woidd  be  proportional  to  the  concentration  of  chromic  chromium, 

thus,  —  =K(a—x),  where  x  is  the  amount  of  chromous  chromium  formed 
d/ 

in  t  minutes,  and  a  is  the  original  concentration  of  trivalent  chromium. 
Banning  at  the  point  where  appreciable  inefficiency  appeared,  the"  K 
value  in  the  above  equation  was  calctdated  from  the  data  of  Table  I  and 
tabidated  in  the  colunm  marked  K.  In  the  same  way  calculations  were 
made  on  several  other  experiments,  all  of  which  indicated  that  the  rate  of 
reduction  was  a  linear  ftmction  of  the  chromic  chromium  concentration. 

Now,  if  we  bring  this  theory  to  bear  on  the  problem  of  securing  high 
efficiency,  we  see  at  once  that  the  reduction  will  theoretically  proceed  as 
fast  when  we  have  only  a  small  excess  of  hydrogen  as  when  there  is  a  large 
excess.  In  other  words,  the  rate  of  reaction  as  determined  by  the  con- 
centration of  trivalent  chromium  prevents  the  use  for  reduction  pmposes 
of  more  than  a  certain  amotmt  of  ciurent  at  any  given  time,  and  if  we  use 
more  than  this  we  are  certain  to  decrease  the  efficiency.  The  current  em- 
ployed then  may  be  very  high  at  first,  but  should  be  decreased  during 
reduction  in  proportion  to  the  decrease  in  chromic  concentration. 
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Tablb  I 
Rbduction  Ebiployino  Constant  Current  Density 
Volume  of  cathode  solution  at  start,  225  cc. 
Grams  of  Cr  per  cc.,  0.11031 
Grams  of  Cr ++  per  cc..  0.00128 
Total  cathode  surface,  1.24  sq.  dm. 
Hydrogen      Total 


Time 

Amperage 

evolved 
Cc. 

hydrogen 
Cc. 

Efficiency 
% 

CrasCr**         K 

% 

9.47-11.05 

1.6 

0.0 

100.0 

17.4 

.... 

11.05-11.35 

1.6 

0.4 

334.1 

99.9 

23.6 

.... 

11.35-12.05 

1.6 

0.7 

334.1 

99.8 

29.9 

12.05-12.35 

1.6 

0.9 

334.1 

99.7 

36.1 

• . . . 

12.35-  1.05 

1.6 

7.5 

334.1 

97.8 

42.2 

0.00335 

1.05-  1.35 

1.6 

34.2 

334.1 

89.8 

47.8 

0.00338 

1.35-  2.05 

1.6 

68.4 

334.1 

79.5 

52.8 

0.00336 

2.05-  2.35 

1.6 

97.5 

334.1 

70.8 

57.2 

0.00334 

2.35-3.05 

1.6 

115.8 

334.1 

65.3 

61.3 

0.00334 

Several  experiments  according  to  this  method  have  shown  that  by 
reducing  the  amperage  to  correspond  with  the  decrease  in  chromic  chrom- 
ium, an  efficiency  of  96%  can  be  maintained  over  the  period  required  to 
reduce  87%  of  the  chromium;  whereas,  by  holding  the  amperage  constant 
only  53%  efficiency  could  be  obtained  for  the  same  amount  of  reduction. 
The  authors  wish  to  acknowledge  the  help  and  suggestions  received  from 
members  of  the  staff  at  the  Edgewood  Laboratory,  and  especially  from 
Capt.  R.  E.  Hall,  in  charge  of  the  Physical  Chemistry  Division. 

Contribution  from  thb  Chbmicai.  Laboratory  M.  C.  Taylor 

OP  THE  Edgbwood  Arsbnal  W.  a.  Gsrsdorpp 

Edgewood,  Maryland  E.  J.  Tovrea 

Received  October  17,  1921 
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COMPOUNDS  OF  TELLURIUM  TETRABROMIDE  WITH  ORGANIC 

BASES' 

By  Alexander  Lowy  and  Raymond  F.  Dunbrook* 

Received  September  17, 1921 

This  investigation  was  undertaken  with  a  twofold  purpose  in  view: 
(1)  to  prepare  compounds  of  tellurium  tetrabromide  with  organic  bases 
which  will  be  utilized  in  further  research  work,  and  (2)  to  prepare  selenium 
and  tellurium  dyes  analogous  to  the  class  of  sulfur  dyes  by  substituting 
the  element  selenium  or  tellurium  in  place  of  sulfur,  as,  for  example,  in 
the  preparation  of  sulfur  black,  etc. 

*  Presented  before  the  Division  of  Organic  Chemistry  of  the  American  Chemical 
Society,  New  York,  vSeptember  6-9,  1921. 

*  This  report  represents  an  abstract  of  a  thesis  presoited  by  R.  F.  Dmibrook, 
in  partial  fulfilment  of  the  requirements  for  the  degree  of  Master  of  Science,  September, 
1921. 
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Rust*  investigated  the  action  of  tellurium  tetrachloride  on  phenols 
and  phenol  ethers  and  found  that  complexes  of  the  type  TeClsCCeHi.- 
OCH»)j  and  TeCUCCeHj.OH)!  were  formed. 

Lenher^  has  tried  the  action  of  tellurium  tetrachloride  and  of  tellurium 
tetrabromide  on  amines.  When  telluritun  tetrachloride  or  tellurium 
tetrabromide,  dissolved  in  the  corresponding  halogen  add,  is  added  to  an 
amine,  also  dissolved  in  the  corresponding  halogen  add,  complexes  of 
the  type  (CeH^NHiHBOi.TeBri,  are  formed  in  which  two  moles  of  the 
salt  of  the  amine  are  combined  with  one  mole  of  tellurium  tetrabromide. 
The  tellurium  tetrabromide  is  prepared  by  dissolving  tellurium  dioxide 
in  hydrobromic  acid. 

In  the  course  of  this  investigation,  it  was  found  that  when  pure  tellurium 
tetrabromide  is  dissolved  in  absolute  ether  or  in  glacial  acetic  add,  and 
a  solution  of  a  primary,  secondary  or  tertiary  aromatic  amine,  or  a  substi* 
tuted  amine  is  added  to  the  solution,  yellow  or  orange  colcnred  predpitates 
are  formed  whidi  are  the  addition  products  of  tellurium  tetrabromide 
and  the  amines.  It  was  further  found  that  the  number  of  moles  of  the 
amine  that  were  combined  with  one  mole  of  tellurium  tetrabromide  de- 
pended upon  the  number  of  amino  groups  in  the  molecule.  If  one  amino 
group  was  present  in  the  molecule,  then  two  molecules  of  the  amine  com- 
bined with  one  mole  of  tellurium  tetrabromide.  When  two  amino  groups 
were  present  in  the  molecule,  then  the  ratio  was  one  mole  of  the  amine 
to  one  mole  of  tellurium  tetrabromide.  A  list  of  compounds  prepared  is 
given  under  Experimental  Part. 

Experimental  Part 

The  pure  telluritun  tetrabromide  was  prepared  as  described  by  Haueii 
and  was  recrystallized  from  acetic  add. 
The  data  following  contain  the  essential  results  obtained. 

Ratio  of 
Name  of  product  Color  amine  to  Analysb 

and  formula  and  form  Solvents       TeBr4  Calc.  Pound 

%  % 

Bis-aniline  tellurium  tetra- 

bromide  (COIiNH,),.-      yeUow  ether         2:1       Te, 20.13     20.00,20.33 

TeBr4  amorphous  Br,  50.47     50.26,50.53 

Bis-^bromo-anfline      tel- 
lurium    tetrabromide      ydlow  acetic        ^.i      'Te,  16.11      16.00,15.99 

(BrC«H4NHs)s.TeBr4  amorphous      add  Br,  60.59     60.63,60.44 

Bis-diphenylamine        tel- 
lurium   tetrabromide      orange  acetic        o|      Te,16.23      16.25,16.26 
[(CA)tNH]s.TeBr4            needles  acid  Br,40.69      40.17,40.94 


•Rust.  B«f.,  30,  2828  (1897). 

« Leaher,  Tms  Journai^,  22,  136  (1900). 

» Hauer,  /.  prakf,  Chem.,  73,  98  (1868). 
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Ratio  Ol 

r 

Name  of  product 

Color 

amine  to 

Analysis 

and  foramlA 

and  form 

Solvents 

TeBr4 

Cak. 
% 

Found 

% 

Bis-dimethylaniline       tel- 

lurium   tetrabromide 

orange 

acetic 

2:1 

Tcl8.49 

18.61.18.79 

[C,H,N(CH,),t.TcBr4 

needles 

acid 

Br,  46. 36 

46.32.46.66 

Bis-jS-naphtfaylamine    tel- 

lurium   tetrabromide 

orange 

acetic 

Te,17.38 

17.68.17.21 

(Ci,H7NH,),.TeBr4 

needles 

acid 

2:1 

Br.  43. 68 

43.63,43.71 

/^-phenykoediamine      tel- 

lurium   tetrabromide 

yellow 

acetic 

1:1 

Te,  22.96 

22.60.22.57 

C6H4(NH,),.TeBr4 

amorphous 

acid 

Br.  57.67 

57.70,57.64 

m-tolylenediamine         tel- 

1  u  r  i  u  m    tetrabromide 

yellow 

acetic 

1:1 

Te,  22.40 

22.70.22.44 

C7H,(NH,),.TeBr4 

amorphous 

acid 

Br,  66.16 

66.12,66.71 

Benzidine  tellurium  tetra- 

bromide    H,NCJl4 .  C«- 

yellow 

acetic 

1:1 

Te,  20.19 

20.46.20.24 

H4NHs.TeBr4 

amorphous 

acid 

Br,  60.63 

60.88,50.69 

Tetramethyl  -  diammo  -  di- 

- 

phenylmetfaane  tellurium 

tetrabromide  (CHt)tNC« 

H4.CH,.CJl4N(CH),.- 

yellow 

acetic 

1:1 

Te,  18.18 

18.21,18.61 

TeBr4 

amorphous 

acid 

Br.  46.67 

45.76.46.73 

The  compounds  described  in  the  table  were  prepared  by  mixing  so- 
lutions of  the  amines  and  of  tellurium  tetrabromide  in  the  ratios  given, 
in  ether  or  in  glacial  acetic  acid.  The  yield  in  all  cases  was  practically 
quantitative. 

The  bases  are  all  yellow  amorphous  powders,  but  those  that  can  also 
be  prepared  crystaUine  have  an  orange  color.  They  are  stable  in  the  air, 
but  water  and  alcohol  readily  decompose  them  with  the  formation  of  telliu-- 
ous  acid.  They  have  no  melting  points  and  decompose  when  heated 
above  100**.  The  bases  described  are  insoluble  in  absolute  ether,  chloro- 
form, carbon  tetrachloride,  carbon  disulfide,  benzene,  toluene,  petroleum 
ether,  acetone  and  in  glacial  acetic  acid.  Dilute  acids  readily  dissolve 
them. 

When  bis-aniline  tellurium  tetrabromide  is  dissolved  in  dil.  hydro- 
bromic  acid  and  recrystallized  twice  from  the  same  solvent,  the  base 
forms  a  new  complex,  consisting  of  four  moles  of  aniline  hydrobromide 
combined  with  one  mole  of  tellurium  tetrabromide. 

Subs.,  0.2110,  0.3850.  Calc.  for  (C«H»NH,HBr)«.TeBr4:  Te,  11.15.  Found: 
11.13,10.91. 

Subs..  0.1844,  0.2600.  Calc.  for  (Cai.NH|HBr)4.TeBr4:  Br,  65.92.  Found: 
65.62,66.75. 

The  other  bases  form  analogous  products  with  hydrobromic  acid. 
Alkaloids  such  as  brucine  and  quinine  also  give  yellow  amorphous  pre- 
cipitates with  telluritun  tetrabromide. 
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Bxperiments  were  conducted  to  prepare  selenium  and  telltuium  dyes 
analogous  to  the  sulfur  dyes  obtained  in  processes  which  employ  the  ele- 
ment sulfur.  The  conclusions  from  oiu:  experiments  seem  to  be  that, 
in  the  preparation  of  selenium  and  tellurium  dyes,  compotmds  of  selenium 
and  tellurium  would  have  to  be  used  instead  of  the  elements  themselves. 
It  seems  that  under  conditions  similar  to  those  which  hold  for  sulfur, 
selenium  and  tellurium  do  not  form  dyes. 

When  selenium  or  tellurium  was  suspended  in  concentrated  solutions 
of  sodium  hydroxide,  together  with  various  organic  compounds,  such  as 
dinitrophenol,  diphenylamine,  and  ^-phenylenediamine,  and  the  mixtures 
were  refluxed,  no  color  formation  seemed  to  take  place,  although  in  some 
experiments,  the  mixtures  were  refluxed  for  100  hoiirs.  The  temperatures 
ranged  from  100-120°. 

It  seemed  probable  that  if  selenium  or  tellurium  were  fused  with  sodium 
hydroxide  or  sodium  carbonate,  Na2Sen  or  Na2Te»  would  be  formed  and 
that  in  the  presence  of  suitable  organic  compounds,  NasSen  or  Na2Te« 
would  react  as  fast  as  formed,  and  that  the  reaction  would  proceed  tmtil 
dyes  would  be  formed.  Many  experiments  were  conducted  at  atmospheric 
pressure  and  in  an  autoclave,  in  which  selenium  or  tellurium  and  sodium 
hydroxide  or  sodium  carbonate  were  mixed  with  dinitrophenol,  diphenyl- 
amine or  /^-phenylenediamine,  and  fused  in  a  molten  metal  bath  at  tem- 
peratures ranging  from  200°  to  360°.  The  time  of  fusion  varied  from  6 
to  48  hours,  but  no  color  was  observed. 

Summary 

1.  Tellurium  tetrabromide  reacts  with  primary,  secondary  and  tertiary 
organic  bases  to  produce  complexes. 

2.  Nine  products  were  prepared  and  analyzed. 

3.  No  selenium  and  tellurium  dyes  were  prepared,  analogous  to  the  sulfur 
dyes,  by  substituting  the  element  selenium  or  telluriiun  in  pflace  of  sulfur. 

Pittsburgh,  P9nnsti«vania 
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SYNTHESIS  OF  AMINO  ACIDS  IN  ANIMAL  ORGANISMS.    I. 
SYNTHESIS  OF  GLYCOCOLL  AND  GLUTAMINE  IN  THE  HUMAN 

ORGANISM 

By  George  J.  Shiple  and  Carl  P.  Sherwin 

Received  October  31,  1021 

The  fact  that  the  human  body  is  able  to  furnish  glycocoU  for  the  conju- 
gation with  benzoic  acid  has  long  been  known  and  has  been  studied  by 
many  investigators. 

Lewinski^  observed  neither  benzoic  acid  nor  benzoyl  glycuronates  in  the  urine  of 
men  to  whom  12  to  20  g.  of  benzoic  acid  had  been  fed  in  small  doses  during  the  course 
of  12  hours.  After  feeding:  doses  of  25  to  40  g.,  small  amounts  of  benzoic  add  (about 
25%  of  the  intake)  were  excreted  as  the  free  add  along  with  certain  dextro-rotatory 
substances  of  a  reducing  nature  indicating  the  presence  of  glsrcurooates.  One  may 
condude  from  this  that  the  average  human  adult  is  able  to  convert  quantitativdy 
about  20  g.  of  benzoic  add  into  hippuric  acid.  Brugsch'  and  Tsuschija,*  on  the  con- 
trary, were  able  to  recover  only  about  25  to  50%  of  the  ingested  benzoic  add  as  hippuric 
acid.  Dakin*  found  in  his  work  with  benzoic  add  that  doses  of  5  to  10  g.  of  the  add 
ingested  per  day  were  almost  entirdy  converted  into  hippuric  add  before  ita  elimination 
in  the  urine.  The  human  body  like  that  of  the  lower  animals  is  therefore  able  to  syn- 
thesize glycocoU  within  reasonable  limits  under  conditions  where  no  glycocoll  occurs 
in  the  protein  of  the  diet  or  even  in  a  protein-free  diet.  Wiechowski*  maintained  that 
the  glycocoll  content  of  the  tissues  is  insuffident  to  accotmt  for  the  quantity  of  glycocoU 
thus  eliminated  and  that  glycocoU  can  be  synthesized  at  the  expense  of  urea  formed 
under  normal  conditions.  Ringer*  observed  in  his  work  an  increase  in  the  nitrogen 
elimination  after  feeding  benzoic  add  to  animals  and  suggested  that  glycocoU  resulted 
from  the  "extra  destroyed  protein"  during  this  period.  Epstein  and  BookmanJ  ex- 
perimenting on  rabbits,  conduded  that  benzoic  add  as  a  toxic  substance  acts  in  a  se- 
lective way  causing  the  elimination  of  excessive  amounts  of  nitrogen  which  is  mostly 
excreted  as  hippuric  add  nitrogen.  McCoUum  and  Hoagland*  brought  a  pig  of  46.7 
kg.  body  weight  into  a  condition  of  minimal  nitrogen  metabolism  by  feeding  a  diet  of 
starch  containing  75  calories  for  each  kilogram  of  body  wdght.  The  diet  was  continued 
and  increasing  founts  of  benzoic  add  were  fed.  The  results  of  their  experiment 
show  that  when  protein  metabolism  is  reduced  to  a  minimal  levd  by  carbohydrate 
ingestion  the  addition  of  benzoic  add  does  not  affect  the  creatinine  output,  affects  but 
little  the  total  nitrogen,  but  may  reduce  the  total  dimination  of  urea  nitrogen  from  56% 
of  the  total  nitrogen  output  to  19%  of  the  totol.  This  difference  of  37%  of  the  totol 
nitrogen  which  is  ordinarily  converted  into  urea  is  under  these  circumstances  eUminated 
as  glycocoU. 

Lewis*  kept  a  man  on  a  low  protdn  diet  containing  no  glycocoU  for  a  period  of  3 

^Lewinski,  Arch.  exp.  Path.  Pharm.,  58,  397  (1908). 
«  Brugsch,  Z.  expa.  Path.  Therap.,  5,  731  (1909). 
•Tsuschija,  ibid.,  5,  737  (1909). 

•  Dakin,  /.  Biol.  Chem.,  8,  103  (1909). 

»  Wiechowski,  Beitr.  chem.  Physiol,  7,  204  (1906). 

•  Ringer,  /.  Biol.  Chem.,  10,  327  (1911). 

V  Epstein  and  Bookman,  ibid.,  10,  353  (1911). 
•McCoUum  and  Hoagland.  ibid.,  16,  299  (1913-1914). 

•  Uwis,  ibid.,  18,  225  (1914). 
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days.  On  the  second  day  the  subject  ingested  8 .  47  g.  of  benzoic  add  and  the  urine  was 
cc^ected  at  2-hour  intervals.  Urea  nitrogen  and  ammonia  nitrogen  were  determined 
as  one.  During  the  first  2-hour  period  the  amotmt  of  this  nitrogen  dropped  from  80% 
to  67%  of  the  total  nitrogen;  during  the  second  2-hour  period,  to  61.6%,  and  during 
the  third  to  64 .0%,  after  which  it  returned  to  normal.  This  shows  that  the  ingestion 
of  8 .47  g.  of  benzoic  add  may  increase  slightly  the  output  of  total  nitrogen  in  the  urine 
but  at  the  same  time  cause  a  dedded  decrease  in  the  amount  of  urea  nitrogen  plus 
ammonia  nitrogen  eliminated. 

Thierfdder  and  Sherwin^^  have  shown  that  glutamine  is  furnished  by  the  human 
body  for  the  detoxication  of  phenyl  acetic  add  and  it  was  later  found  by  Sherwin,  M. 
Wolf  and  W.  Wolf,"  that  7 .5  g.  of  glutamine  was  ssmthesized  by  the  body  on  glutamine- 
(ghitamic  add)  free  diet  for  the  detoxication  of  ingested  phenylacetic  add  without  ma- 
terially increasing  protein  metabolism  as  shown  by  the  total  nitrogen  and  sulfur  dimi- 
nation. 

In  previotis  work  a  htiman  subject  had  been  reduced  to  a  low  protein 
diet*  for  a  period  of  only  3  days  and.  benzoic  acid  fed  on  only  1  day.  It 
seemed  to  us  important  that  the  subject  be  reduced  to  an  endogenous 
level  of  nitrogen  metabolism,  if  possible,  and  the  experiment  be  extended 
over  a  longer  period.  We  also  decided  to  feed  first  benzoic  add,  then 
phenylacetic  acid  and  lastly  a  mixttne  of  the  two  in  order  to  answer  if 
possible  the  following  questions:  (1)  What  is  the  maximum  amotmt  of 
inea  nitrogen  which  the  human  body  will  *'side  track"  for  the  synthesis 
of  glycocoU,  and  what  influence  if  any  has  this  on  the  other  nitrogen  con- 
stituents of  the  mine?  (2)  Can  glutamine  be  synthesized  at  the  expense 
of  the  urea  nitrogen  alone  or  does  the  amino  and  amide  nitrogen  necessary 
for  this  compound  come  from  different  sources?  (3)  Can  glycocoll  and  glu- 
tamine be  formed  simultaneously  in  the  human  body,  and  if  so  which 
one  is  more  readily  formed  when  a  limited  supply  of  urea  nitrogen  is  avail- 
able? 

The  subject,  a  healthy  man  of  80  kg.  body  weight,  was  maintained  on 
a  diet  of  cream,  bananas,  and  starch  or  lactose  for  a  period  of  7  days. 


Tablb 

I 

Ingsstbd  Food  pbr  Day,  and  its  Energy  Vawjb 

Nitrogen  in- 

Total 

gested  in 

Period 

Starch 

Lactose 

Bananas 

Cream 

energy 

food 

Days  elapsed 

1      G. 

G. 

G. 

G. 

Calories 

G. 

1 

180 

0 

50 

435 

2475 

0.080 

2 

60 

120 

326 

100 

1186 

0.520 

3 

100 

120 

380 

30 

1314 

0.610 

4 

100 

110 

420 

10 

1278 

0.670 

6 

40 

200 

646 

6 

1581 

0.870 

6 

40 

200 

336 

0 

1276 

0.635 

7 

40 

150 

450 

0 

1197 

0.720 

w  Thierfdder  and  Sherwin,  Ber.,  47,  2630  (1914);  Z.  physiol.  Chem.,  94,  1  (1915). 
"  Carl  P.  Sherwin,  M.  Wolf  and  W.  Wolf,  /.  Btol.  Chem.,  37,  113  (1918). 


Digitized  by  VjOOQIC 


620  GBORGS  J.  SHIPLS  AND  CARL  P.  SHBRWIN 


■? 


I 


I 

'S 

I 

o 
bo 

a 

a 


0^ 

< 

Q 
z 


J2; 

I 

i  8 

2 


f  Phenyucetic  65   :;:;:::      ^  S  2  ^^Ifc  «  S  ^    Mff  g  S  S  5?  S    iS 


fed 

Phenylacetic  O 


Benzoic 
fed 


»o  tN.  »c  "^  I  »H  »q  q  t-i     .   CO  lO  "^  00  »o  CO     I  "^ 


dS  CD     '.  I  Od  !  06 


Benzoic 


« b*   •  [  ^    •   ;   •   ;    :  ^   ;   :   :  t^ 

ci  ci     •  I  »c     •     •     •     •      •  csi     ^     •     M  (M 


NUr'o?en  ^  2  ^  00  o>  00  "5  JO  |  W  CJ  ^  r,*  X  |  j;  »0  o.  CO  W  |  uj  «  «  3  g  3;  [3 

Glutamine  ^     !     i     !     !     !     !     :|       8  8  ^  S  (S  8  S!  ^     :  ^  g  S  fe  S  S  |  S 

Giycooou  ^  ;  ;  i  ; t;8  ;|2  ;  i  I •;  is  ;  ;  ih  ;  ;  ;  ;  i  I 

Creatinine  ^'«jHOO«0005005'HOi<Nco|^0'^t^C^coc^OOOO>«  fw 

Ammonia  ^t^05«cDOSl^oOOt^oOt^o|oOOOX0005|oOcO*HOO?0  1^ 

Glutamine  O  '       I       coeo^eolScoSS     MSwScoSS  |o> 


GlycOCOll  O       :       :       :       :   W   W       ;     «0       ;       ;       ;       .     CO       ;       ;       ;       .     CO 

•    •    •    •  o  o      |o    .    •    •    •   o    •    .    .    .|o 


Creatinine      O  ^  '^  **?  ^,  '^.  "^  R  I    .  '^  '^  '^.  '^J  ^  •^.  '^.  '^  ^J  ®  '^  '^.  '^.  H  ^^  . 

dddddddlodddoldddddldddddo    Id 


Ammonia 


r-i  dddddd|ddddd|ddddd|dddddd 


c<i'^Tt<THddd|cododo|csiddd»-«|c5iddddd    |^ 


Total         c5^S?:;S§8S 


8  35  f;  2  $ 

?0    rH    i-H    i-H    O 


^  g  Sg  S  g| 

»o  th  d  d  ci 


S  8  CO  o  fe  8  I S 


X-  :«.  •QQQ»0"30CO|£*3»0"3QkOI»OQ<DC^iClCOQ«3QW?»0      IJP 

Urine  ,SOgSo6*fl5S5U:-p:2S«l990^  fe 

Volume  0»Hoot^Sw        t2t>'«*<W'-^|»5ooc<ieqcoQt^55»oc^"^     Mg 

C^N»-«                            1^^                            l»-i                            |N  'C*^ 

Benzoic  •      •     •     •     •  o  O     •      •....'•  o 

fed  ^       •       •       •       •    ^   r^;       •         ' r^ 

••••COCO'  CO 


Phenylacetic  ..* 
fed  ^ 


Period  fHOIco^  fwi  -go  It*  4 

H  H  H  H 


Digitized  by  VjOOQ IC 


SYNTHESIS  OF  AMINO  ACIDS  IN  ANIMAI«  ORGANISMS  621 

The  preoeding  table  shows  the  weight  of  each  substance  eaten  per  day 
as  well  as  its  calonfic  value. 

This  diet  which  is  practically  nitrogen  free  insofar  as  utilizable  nitrogen 
is  concerned^*  is  also  of  sufficient  calorific  value  for  the  needs  of  a  man 
undergoing  only  a  small  amotmt  of  physical  exertion.  Agar-agar  was 
ingested  in  sufficient  amounts  to  cause  the  regular  evacuation  of  the  in- 
testine and  thus  avoid  the  absorption  of  nitrogenous  end  products  of  pu- 
trefaction. 

In  Table  II,  the  daysof  acid  feeding  have  been  divided  into  sub-periods 
of  varying  length  in  order  to  study  the  amount  of  difTerent  substances 
excreted  immediately  after  the  ingestion  of  a  given  amount  of  acid.  The 
acid  ingested  dtuing  a  certain  sub-period  of  the  day  was  always  taken 
at  the  beginning  of  that  sub-period,  and  the  entire  output  of  urine  collected 
during  each  sub-period  was  treated  as  a  single  unit.  Also  for  each  one 
of  the  last  4  days  a  sum  total  is  given  of  all  the  sub-periods  that  the  entire 
24-hour  period  may  be  compared  to  one  of  the  first  3  days  of  the  control 
period. 

A  brief  survey  of  Table  II  brings  out  clearly  several  interesting  facts. 
Neither  benzoic  add  nor  phenylacetic  acid  when  fed  in  moderate  doses 
(3  to  10  g.)  to  man  acts  as  a  stimulator  of  endogenous  metabolism  when 
the  subject  has  been  reduced  practically  to  a  state  of  endogenous  protein 
catabolism.  This  is  shown  by  the  fact  that  the  amount  of  total  nitrogen 
excreted  is  not  increased  dtuing  the  period  of  acid  ingestion.  It  is  also 
seen  that  neither  glycocoU  nor  glutamine  is  built  at  the  expense  of  "extra 
destroyed  protein"  but  rather  at  the  expense  of  one  or  more  of  the  ni- 
trogenous constituents  of  the  tuine,  and  of  these  only  urea  is  affected  to 
a  marked  degree. 

Urea,  during  the  control  period,  maintained  an  average  of  74  to  77% 
of  the  total  nitrogen,  while  during  the  feeding  period  it  dropped  to  60%, 
57%,  then  to  48%  and  finally  to  28%  of  the  total  nitrogen  of  the  entire 
24-hour  period.  If  taken  by  sub-periods  even  more  striking  evidence  is 
found  of  the  inroads  made  on  tuea  nitrogen  for  the  purpose  of  glycocoll 
or  glutamine  synthesis.  After  a  dose  of  3  g.  of  benzoic  acid  on  the  fourth 
day,  followed  at  the  end  of  6  hotus  by  a  second  dose  of  3  g.  the  urea  ni- 
trogen dropped  to  48%  and  52%  respectively  of  the  total  nitrogen.  On 
the  fifth  day  2  doses  each  of  3.3  g.  of  phenylacetic  acid  caused  a  further 
drop  of  the  urea  nitrogen  to  39%  and  35%  respectively  of  the  total  ni- 
trogen. It  Is  interesting  here  to  note  that  the  effect  of  the  benzoic  acid 
on  the  urea  nitrogen  was  immediate  and  largely  confined  to  the  sub- 
period  at  the  beginning  of  which  it  was  fed,  while  the  greatest  effect  of 
the  phenylacetic  acid  was  seen  in  a  later  sub-period .  One  may  infer  from 
this  that  either  the  benzoic  acid  is  more  quickly  absorbed  than  the  phenyl- 

1*  Lusk,  "Science  of  Nutfttion/'  W.  B.  Saunder  and  Co.,  1019,  p.  355. 
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acetic  acid,  or  that  glycocoU  is  more  easily  synthesized  by  the  body  than 
is  glutamine.  This  latter  inference  one  may  explain  on  the  ground  that 
glutamine  not  only  demands  2  atoms  of  nitrogen  for  its  S3mthesis  but  be- 
sides an  amine  requires  also  an  amide  group. 

During  the  seventh  day  of  the  experiment  the  greatest  reduction  is  found 
in  the  urea  nitrogen.  At  the  beginning  of  the  first  4-hour  sub-period 
4  g.  of  phenylacetic  add  was  ingested.  This  reduced  the  urea  nitrogen 
to  44%  of  the  total  nitrogen,  but  caused  a  still  greater  f  aU  in  urea  nitrogen 
(24%  of  total  nitrogen)  dtuing  the  subsequent  4-hour  sub-period.  At 
this  time  a  second  dose  of  6  g.  of  phenylacetic  acid  was  ingested  by  the 
subject,  but  the  percentage  of  urea  nitrogen  rose  to  29%,  only  to  fall  4 
hoturs  later  to  the  very  low  value  of  12%  of  the  total  nitrogen.  This  value 
was  considerably  lower  than  had  been  previously  obtained.  McCoUum* 
found  that  the  urea  nitrogen  fell  to  only  about  20%  of  the  total  nitrogen 
after  the  feeding  of  large  doses  of  benzoic  acid  to  a  pig,  and  that  larger 
doses  of  the  add  caused  only  an  increase  in  protein  metabolism  and  a  sub- 
sequent increase  in  total  nitrogen  excreted.  In  this  case,  however,  the 
entire  24  hotu^  was  considered  as  a  imit.  On  the  seventh  day  of  our  ex- 
periment it  win  be  seen  that  the  urea  nitrogen  for  the  entire  24  hours 
formed  28%  of  the  total  nitrogen. 

The  ammonia  nitrogen  was  little,  if  at  all,  affected  by  the  feeding  of 
either  of  these  organic  adds.  It  has  been  previously  shown  by  McCollum 
that  an  organic  add  is  detoxicated  at  the  expense  of  the  urea  nitrogen, 
and  an  inorganic  add  (hydrochloric  acid)  at  the  expense  of  the  ammonia 
nitrogen. 

It  seemed  probable  that  the  amino  nitrogen  for  glutamine  synthesis 
would  be  taken  from  the  urea  fraction,  but  just  possible  that  the  am- 
monia nitrogen  might  be  required  to  build  the  amide  portion  of  the  mole- 
cule. That  this  is  not  the  case  is  shown  by  the  fact  that  there  is  no  de- 
crease in  ammonia  nitrogen  after  the  ingestion  of  10  g.  of  phenylacetic 
add  on  the  last  day  of  the  experiment. 

Creatinine  was  unaffected  by  the  acid  ingestion,  for  the  creatinine 
value  remained  particularly  constant  during  the  last  days  of  the  experi- 
ment. 

Lewinski^  found  that  10  to  20  g.  of  benzoic  add  ingested  by  a  man  and 
quantitativdy  converted  into  hippuric  add  may  remove  as  mudi  as  35% 
of  the  total  nitrogen  in  the  form  of  glycocoll  (hippuric  add)  nitrogen. 
Ringer*  obtained  much  the  same  results  with  goats.  Wiecfaowski,*  em- 
ploying guinea  pigs,  found  that  glycocoll  nitrogen  might  run  as  high  as 
64%  after  the  feeding  of  benzoic  add.  After  feeding  the  6  g.  of  benzoic 
acid  on  the  fourth  day  of  our  experiment  10%  of  the  total  nitrogen  was 
found  in  the  form  of  hipptuic  add  nitrogen.  On  the  fifth  day  19%  of 
the  total  nitrogen  appeared  in  the  form  of  glutamine  nitrogen.    On  the 
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sixth  day  after  feeding  3. 3  g.  of  phenylacetic  together  with  3  g.  of  benzoic 
add,  6%  of  the  total  nitrogen  appeared  as  glycocoll  nitrogen  and  11% 
as  glutamine  nitrogen.  On  the  seventh  day  35%  of  the  total  nitrogen 
was  excreted  in  the  form  of  glutanune  nitrogen,  which  is  comparable  to 
figures  found  by  some  of  the  other  investigators.  Only  in  certain  sub- 
periods  of  certain  days  does  the  excretion  of  glycocoll  and  glutamine  ni- 
trogen reach  the  value  quoted  by  Wiechowski.  In  the  first  sub-period 
(3  hours)  of  the  sixlii  day  after  the  ingestion  of  3.3  g.  of  phenylacetic 
add  and  3  g.  of  benzoic  add,  29%  of  the  total  nitrogen  was  found  in  the 
form  of  glycocoll  nitrogen  and  29%  in  the  form  of  glutamine  nitrogen, 
or  a  total  of  58%.  Again  in  the  fomth  sub-period  (4  hoiu^)  of  the  seventh 
day  after  the  ingestion  of  10  g.  of  phenylacetic  acid  52%  of  the  entire 
nitrogen  output  of  the  sub-period  appeared  in  the  urine  as  glutamine 
nitrogen. 

Moderate  doses  of  benzoic  add  are  probably  excreted  quantitatively 
in  the  mine  as  hipptuic  add.  We  found  89%  to  93%  so  excreted  within 
6  hours  after  a  3g.  dose.  Phenylacetic  add  seems  to  require  about  twice 
as  much  time  as  benzoic  add  for  its  excretion  (in  the  form  of  phenyl- 
acetyl  glutamine).  Its  detoxication,  moreover  is  apparently  not  so  com- 
plete, for  though  after  a  dose  pf  10  g.  we  were  able  to  recover  95%  of  it 
from  the  24-hour  sample  of  urine,  still  in  other  cases  after  small  doses 
we  recovered  only  about  78%  of  the  amount  fed. 

Apparently  the  body  builds  both  glutamine  and  glycocoU  simultaneously 
as  easify  and  efBdently  as  dther  of  the  compounds  alone.  After  the  in- 
gestion of  3  g.  of  benzoic  add  92%  of  it  was  converted  into  hippuric  acid 
within  6  hoturs.  After  the  ingestion  of  3.3  g.  of  phenylacetic  acid  on 
another  day  44%  of  it  was  converted  into  phenylacetyl  glutamine  within 
6  hours.  When  3  g.  of  benzoic  add  and  3. 3  g.  of  phenylacetic  acid  were 
ingested  simultaneously  89%  of  the  benzoic  acid  and  46%  of  the  phenyl- 
acetic add  were  changed  into  their  respective  detoxication  products 
within  a  period  of  6  hotu^. 

Summary 

It  has  been  shown  that  man  will  synthesize  glycocoll  at  the  expense 
of  urea  as  do  the  lower  animals.  The  synthesis  of  another  amino  acid 
(glutamine)  at  the  expense  of  urea  nitrogen  has  also  been  demonstrated 
in  the  case  of  a  man.  The  two  amino  acids  may  be  built  simultaneously 
as  readily  as  either  compoimd  alone. 

During  the  period  in  which  these  amino  acids  were  being  synthesized 
in  the  organism,  urea  nitrogen  dropped  from  about  75%  of  the  total 
nitrogein  to  28%,  and  during  a  sub-period  of  a  certain  day,  to  the  extremely 
low  value  of  18%  id  the  total  nitrogen. 

After  feeding  a  moderate  dose  of  benzoic  acid  (3.3  g.),  glycocoll  for  its 
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detodcation  is  built  within  6  hours,  while  for  the  detoxicatioii  of  a  corre- 
sponding dose  of  phenylacetic  add  a  somewhat  longer  period  of  time  is 
required  fen:  the  S3mthesis  of  glutamine. 
Nbw  York,  N.  Y. 

[contubunon  prom  the  chglllcal  laboratory  op  harvard  university  ] 

THE  REACTION  BETWEEN  ALKALIES  AND  CERTAIN   NTTRO- 
CTCLOPROPANE  DERIVATIVES 

By  E.  p.  Kom^R  and  L.  I.  Smith 

Recdved  Norember  25, 1921 

The  action  of  alkalies  on  all  known  cyclopropane  derivatives  is  peculiar. 
A  tjrpical  reaction  is  that  between  phenyl-ben2oyl-nitrocyclopropane 
and  potassium  hydroxide  which  gives  potassium  nitrite  and  an  open  chained 
/8-diketone.^ 
C«H,CH~CHCOCtH, 

CHNO, + koh=<:«h»chkx)Chk:oc,h, + kno, + HiO. 

Since  the  reaction  involves  the  elimination  of  the  nitro  group,  it  is  c<m- 
ceivable  that  the  first  step  in  the  process  might  be  the  replacement  of  this 
group  by  hydroxyl.  This  would  give  as  the  primary  product  a  cydopro- 
panol  derivative;  but  it  is  probable  that  cydopropanols  ate  unstable  and 
like  the  corresponding  ethylenic  .compounds  immediately  undergo  re- 
arrangement, for  when  zinc  removes  bromine  from  dibromo^sopropyl 
alcohol  the  product  is  not  the  cyclopropancd  whidi  would  be  expected 
but  allyl  alcohol,'  and  when  cydopropyl  amme  is  treated  with  nitrous 
add  the  product  is  likewise  the  unsaturated  and  not  the  cydk  akoboL' 
CH,BrCHOHCH,Br— 2Br — ►   f  CH,— CH,  "I  — ►  CH,=CH-CH,OH 

L        CHOH  J 

CHr-CHNH, 

\/ 
CH,  +  HNOi — ►    rCH,— CHOH-i  — ►  CHi=CH— CH,OH. 

L      CH,  J 

A  cydopropcmol  obtained  by  replacing  the  nitro  group  with  hydroxyl 
would  therefore  probably  be  unstable,  but  it  would  not  be  expected  to 
rearrange  into  anything  related  to  the  diketone  that  is  obtained: 
C,H,CH— CHCOCJIj  — ►  C«H»CH-CHCOC«H, — ►CtHjCH=C(COCA)CH,OH. 

\y  \/ 

CHNO,  CHOH      — ► 

or  C«HjCOCH=C(C«H,)CH,OH. 

»Tras  JouRNAi,,  41,  1383  (1919). 
</.  prakt.  Chem.,  46,  158  (1892). 
•Zentr.,  76,  [1]  1709  (1905). 
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Even  if  it  were  assumed  that  the  benzoyl  group  in  some  way  alters  the 

mode  of  rearrangement  it  would  still  be  impossible  to  account  for  the 

acti<Mi  of  alcoholates  upon  the  nitro  compound.     Cyclopropyl  ethers 

ought  to  be  at  least  as  stable  as  cyclopropyl  amines,  but  when  these  nitro 

compounds  are  treated  with  alcoholates  they  likewise  yield  only  open 

chained  compounds.* 

Cai»CH-CHCOC,H4Br 

\/ 
CHNC  +  NaOCH,  — >-  C.H,CH,C=CHCOC«H4Br 

I 
OCH,  +  NaNOi. 

It  seems  certain,  therefore,  that  the  replacement  of  the  nitro  group 
is  not  the  first  step  in  the  process. 

Cyclopropane  derivatives  that  are  constituted  like  these  nitro  compoimds 
but  which  have  carbojcyl  in  place  of  the  nitro  group  are  also  exceedingly 
sensitive  to  alkaUes.  They  behave  Uke  unsaturated  compoimds  and  it  is 
always  possible  to  account  for  the  products  obtained  by  assuming  ad- 
dition and  subsequent  elimination  of  water  or  alcohol:^ 

Cai»CH— CHCOCHi 
C,H»CH-CHCOC«H»  I 


\y  _^         OR 

C(COiCH,), 


— ►  CeHjCH=C— COCH, 

I 
HC(CO,CHa),  HC(CO,CH,),. 

Meisenheimer"  and  Wieland'  have  shown  that  tmsaturated  as  well  as 
certain  cyclic  nitro  compounds  undergo  remarkable  transformations 
tmder  the  influence  of  alkaUes.  Like  the  reactions  of  the  cyclopropane 
esters  these  generally  start  with  the  addition  of  alcoholates.  It  would 
not  have  been  surprising,  therefore,  to  find  that  these  nitrocyclopropanes 
combine  with  alcoholates  and  thus  form  open  chained  compounds.  It 
is  quite  certain,  however,  that  if  a  compound  which  has  both  benzoyl 
and  nitro  groups  were  to  combine  with  an  alcoholate  the  metal  would 
go  to  03cygen.  In  order  to  form  the  straight  chain  in  both  the 
diketone  and  the  unsaturated  methoxyl  compound  the  ring  must  be 
opened  between  the  phenyl  and  benzoyl  groups.  The  addition  of  alco- 
holate would  therefore  have  to  take  place  as  follows. 

CtHiCH— CHCOCOI*  +  NaOCH,  — ►  C,H,CH— CH— CH==C— C»H, 

\/  III 

CHNOj  OCH,  NO,  ONa 

No  plausible  series  of  rearrangements  of  such  an  addition  product  could 
give  the  substances  actually  formed.  The  first  step  in  the  reaction  is, 
therefore,  not  addition  of  the  base. 

«This  Journal,  41,   1661   (1919). 

*Ibid,,   39,   1408   (1917). 

•  Mdsenheimer,  Ann.,  330,  146  (1904). 

» Widand.  ibid.,  424,  102  (1921). 
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There  remains  the  pos^bility  that  the  first  step  m  the  process  consists 
in  the  elimination  of  nitrous  add  and  that  the  resulting  cyclopropene 
derivative  immediately  undergoes  rearrangement  to  an  acetylenic  com- 
pound. 
C«H,CH— CHCOC,H»=HNO,  — ►  C«H,CH— C— COC.H,  — ►  CJIiCHsCsCOC«Hi 

\/  \^ 

CHNOj  CH 

This  mechanism  would  account  admirably  for  the  products  that  are  ob- 
tained, because  in  the  presence  of  alkalies  acetylenic  ketones  readily  com- 
bine with  water  to  form  j8-diketones'  and  with  alcohols  to  form  unsatu- 
rated alkyloxy  compounds.' 

Nitrous  acid  is  not  one  of  the  things  that  we  commonly  think  of  as  being 
removed  to  form  unsaturated  compounds;  but  this  may  be  due  largely 
to  our  inadequate  knowledge  of  aliphatic  nitro  compounds.  In  earlier 
papers^®  it  was  shown  that  some  of  these  nitro  compounds  lose  nitrous 
acid  with  great  ease.  The  first  assumption  is,  therefore,  consistent  with 
known  facts. 

There  are  few  facts  on  which  to  base  conclusions  on  the  stability  of  cy- 
clopropene derivatives.  Only  three  such  compounds  have  been  described. 
By  the  action  of  alkalies  on  bromo-isodehydro-acetic  ester  Feist"  obtained 
a  dibasic  acid  which  in  all  probability  is  the  cyclopropene  di-add  (I). 
Addition  of  bromine  to  this  acid  and  subsequent  reduction  gave  a  new  acid 
which  Feist  regards  as  an  isomer  of  the  first  and  to  which  he  ascribes 
Formula  II.  Quite  recently  Staudlinger"  made  a  substance  which  he 
is  inclined  to  represent  by  Formula  III. 

COiHC  =  C— COjHCO,      HCH-C— CO,H        (C.H6)iC  —  C  —  OH 

\y  \y  \/ 

CHCH,  CCH.  CCOiCtHi 

I  II  III 

An  examination  of  these  formulas  shows  that  none  of  these  substances 
has  the  requisite  number  of  hydrogen  atoms  to  permit  of  rearrangement . 
to  an  acetylenic  compound.    They  therefore  supply  no  useful  evidence 
on  the  problem  under  consideration. 

The  following  investigation  was  undertaken  with  a  view  to  securing 
such  evidence.  Most  of  the  experiments  were  performed  with  the  two 
isomeric  nitro  cyclopropanes, 

CtHiCH— CHCOCOIiCl  CIC.H4CH— CHCO.H* 

CHNOt  CHNOi 


•  Nef,  Ann.,  308,  276  (1899). 

•  Moureu  and  Brachin,  Ann.  chim.,  33,  131  (1906). 
"  This  Journal,  41,  1383,  1661,  17a3  (1919). 

"  Feist,  Ber.,  26,  750  (1893);    34,  136  (1911). 
"  Staudinger,  Helvetica  Chim.  Acta,  4,  5  (1921). 
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These  substances  were  easily  made  in  accordance  with  the  general  scheme 
of  adding  nitromethane  to  unsatturated  ketones,  brominating  the  product, 
and  eliminating  hydrogen  bromide  from  tiie  resulting  a-bromO'7-nitro 
ketones.  That  they  are  isomeric  cyclopropane  derivatives  is  shown  by 
the  fact  that  they  combine  with  hydrogen  bromide  to  form  isomeric 
addition  products  which  lose  nitrous  and  hydrobromic  acids  and  yield 
the  same  furane  derivative. 

I.  CJI»CH-<:HC0.H4C1    +    HBr  =  C«H,CHBr    CHNO,CH,COCtH4Cl 

CHNO, 

II.  C1C,H4CH— CHCOC«H*  +  HBr  =  ClC«H4CHBrCHN0,CH,C0Caii 

CHNO, 

C«H»CHBrCHNO,CH2COC«H4Cl  — >  CH— CH  HBr 

III.  II         II  +HNO, 

ClC,H4CHBrCHNOjCH,COC«H»  — >  COi*— C        C— CfHiCl 

\/ 
O 

By  loading  the  phenyl  groups  with  chlorine  atoms  we  hoped  to  diminish 
the  solubility  sufficiently  to  enable  us  to  isolate  intermediate  cyclopro- 
pene  derivatives.  This  was  not  realized;  these  compounds  react  less 
readily  with  alkalies  than  those  described  in  earlier  papers  and  the  re- 
actions are  correspondingly  more  confused.  We  therefore  tiuned  our 
attention  to  the  next  stage,  the  acetylenic  ketones.  These  likewise 
could  not  be  isolated,  but  we  secured  very  definite  evidences  of  their  pres- 
ence in  the  alkaline  liquids. 

In  a  recent  paper  ^*  it  was  shown  that  in  the  presence  of  alkalies  malonic 
esters  rapidly  combine  ydth  acetylenic  ketones  and  form  sparingly  soluble 
a-pyrone  derivatives  which  have  very  characteristic  properties. 

/CH=Cv— C«H, 

cji»c=<:--cocai»+ai,(co,CH,)i==K:tH*c^_^^^ 

I 

COjCH,. 

We  have  found,  now,  that  similar  pyrone  esters  are  formed  when  nitro- 
cyclopropane  derivatives  are  treated  with  alkali  in  the  presence  of  malonic 
ester.  In  order  to  get  these  pyrone  esters  it  is  necessary  to  add  the  malonic 
ester  before  the  alkali;  not  a  trace  of  the  substances  is  obtained  if  the 
reagents  are  applied  in  the  reverse  order.  This  shows  that  they  are 
formed  from  an  intermediate  compound  which  rapidly  disappears  in  the 
alkaline  medium.  We  regard  this  as  a  proof  that  acetylenic  ketones 
play  a  part  in  the  reaction  and  it  seems  almost  equally  certain  that  cyclo- 
propene  derivatives  which  have  the  requisite  number  of  hydrogen  atoms 
readfly  undergo  rearrangement  to  isomeric  acetylenic  compounds. 
"This  Journal,  44,  379   (1921). 
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The  study  of  the  action  of  alkalies  on  the  nitro  cyclopropanes  has  led 
to  the  discovery  that  alcohoHc  ammonia  rapidly  transf  onns  these  substances 
into  isomeric  compounds.  These  are  stereo-isomers,  for  boiling  alcoholic 
potassitun  acetate  converts  either  isomer  into  a  mixture  of  the  two,  and 
whenever  both  substances  enter  into  the  same  reaction  they  give  the 
same  products.  The  isomers,  however  are  remarkably  dififerent  m  ac- 
tivity. The  lower-melting  derivatives  that  are  obtained  by  eliminating 
hydrogen  bromide  from  bromo  ketones  are  unsaturated  compounds. 
They  combine  with  hydrogen  and  with  hydrogen  bromide  as  readily 
and  in  the  same  manner  as  would  the  corresponding  ethylenic  ketones. 
The  higher-melting  isomers  show  none  of  this  unsaturation.  The  ac- 
tivity of  cyclopropane  derivatives,  therefore,  depends  to  an  extraordinary 
degree  upon  the  space  relations  of  the  substituting  groups. 

Experimental  Part 

j3-Phenyl-7-nitro-/M:hloro-butyrophenoiie,    C«HjCHCHjCOC«H4Cl.--Sodium    ni- 

I 
CHjNO, 

tromethane  combines  readily  with  benzal-^-chloro-acetophenone  when  a  thin  paste 
of  the  sodium  compound  in  dry  methyl  alcohol  is  added  to  a  suspension  of  the  ketone 
in  the  same  solvent  and  the  mixture  is  heated  to  the  boiling  point.  The  nitro  ketone 
itself  is  obtained  by  acidifying  the  cold,  dear,  amber  colored  solution.  This  must  be 
done  with  great  caution,  for,  if  the  acid  is  added  too  rapidly,  the  precipitate  is  an  oil 
from  which  it  is  almost  impossible  to  obtain  any  solid  ketone.  The  3rield,  about  70%. 
is  better  with  small  than  with  large  quantities. 

The  ketone  crystallizes  from  methyl  alcohol  in  white  needles  that  melt  at  80**. 

Analysis.    Calc.  for  CieHuOsNCl:   C,  63.2;  H,  4.6.    Found:   C,  63.8;   H,  4.6. 

j3-Phenyl-7-nitro-ae-bromo-/^liloro-butyrophenone,     CJIftCHCHBrCX)C«H4Cl. — 

I 

CHJ^Of 
The  bromination  of  the  ketone  was  carried  out  in  chloroform.  The  reaction  is  sluggish 
and  unless  the  ketone  is  very  pure  it  is  best  to  start  it  with  a  drop  of  acetone.  It  re- 
sults in  a  mixture  of  isomeric  bromine  compounds,  only  one  of  which  was  isolated  in 
pure  form.  Thisoystallizedin  thin  white  needles  and  melted  at  88-89*^.  An  analysis 
of  the  washed  and  dried  mixture  showed  that  it  was  composed  mainly  of  isomeric  com- 
potmds. 

Analysis.    Calc.  for  Ci»H„0,NClBr:    C,  60.2;    H,  3.4.    Found:    C,  49.4;    H. 
3.8. 

l-[/M:hloro-benzoyl]-2-phenyl-3-nitro  cyclopropane,  C«HiCHCHCOC6H«Cl.— The 

CHNO, 
cyclopropane  ring  was  closed  by  eliminating  hydrogen  bromide  from  the  bromo 
compound  with  potassitmi  acetate  in  the  usual  manner.  The  3rield  from  pure  bromine 
compound  is  about  65%.  It  is  not  necessary,  however,  to  use  pure  bromo  ketone  for 
making  the  cyclopropane  derivative.  Indeed,  we  seldom  isolated  any  of  the  intermedi- 
ates between  the  unsaturated  ketone  and  the  cyclopropane  derivative.  Generally 
our  procedure  was  as  follows.  The  crude  nitro  ketone  that  was  precipitated  on  addi- 
f3ring  the  condensation  product  was  thoroughly  washed  with  water  and  a  little  methyl 
alcohol,  then  immediately  dissolved  in  chloroform.    The  chloroform  solution  was  dried 
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with  calcium  chloride,  warmed  and  treated  with  bromine  in  slight  excess.  Solvent 
and  excess  of  bromine  were  then  evaporated.  The  residue,  a  thick,  orange  colored 
oil,  was  dissolved  in  methyl  alcohol  and  treated  with  potassium  acetate  in  the  usual 
manner. 

The  cyclopropane  derivative  was  purified  by  crystallization  from  methyl  alcohol; 
it  separates  in  needles  and  melts  at  121  *". 

Analysis.  Calc.  for  Ci«HuOiNCl:  €,03.7;  H,  4.0.  Found:  €.03.7:  H,  4.5. 
l80ic«Ric  Cyci/>propanb  Dbrivativb.— The  product  obtained  by  the  action 
of  potassium  acetate  on  the  bromo  ketone  alwa3rs  melts  at  120^,  but  it  can  be  converted 
into  an  isomer  by  treatment  with  ammonia,  weak  bases,  or  even  a  boiling  sdution  of 
potassium  acetate.  The  most  effective  of  these  agents  is  ammonia.  Ten  g.  of  the 
finely  powdered  substance  was  suspended  in  20  cc.  of  dry  methyl  alcohol  which  had 
been  saturated  with  ammonia  at  0*^.  The  mixture  was  allowed  to  warm  and  stand 
in  a  stoppered  flask  overnight,  when  the  solid  was  filtered  and  recnrstallized  from  methyl 
alcohol.  This  gave  7.5  g.  of  a  product  that  cr3rstallized  in  flat  needles  and  melted 
at  144*. 

Analysis.  Calc.  for  C,»H„0|NC1:  C,  63.7;  H,  4.0.  Found:  C,  63.9;  H,  4.1. 
When  the  transformation  is  incomplete,  either  because  less  concentrated  ammonia 
is  employed  or  because  the  process  is  stopped  too  soon  the  product  melts  not  quite 
sharply  at  103-106®.  The  same  product  is  obtained  when  the  lower-melting  cyclo- 
propane derivative  is  digested  with  .dilute  alkalies  or  when  either  of  the  cyclopropane 
derivatives  is  boiled  with  a  solution  of  potassitmi  acetate.  It  ultimately  proved  to  be 
a  mixture  which,  owing  to  the  solubility  relations,  it  is  extremely  difficult  to  separate. 
It  can,  however,  be  separated  by  dissolving  it  in  a  large  volume  of  boiling  ethyl  alcohol, 
carefully  avoiding  contamination  while  this  solution  is  cooling  and  then  inoculating 
it,  first  with  the  high-melting,  and  then  with  the  low<melting  component. 

/S-Nitro-r-hromo-7-phenyl-^-di]ofo4>atyroiAtenQ^^  CtH»CHBrCHNOiCHiCOC« 
H4CI. — ^The  low-melting  cyclopropane  derivative  combines  with  hydrogen  bromide 
very  readily,  while  the  high-melting  one  combines  with  it  only  with  great  difficulty, 
if  at  all.  A  solution  of  2  g.  of  the  lower-melting  isomer  in  25  cc.  of  glacial  acetic  was 
cooled  to  0*^  and  saturated  with  hydrogen  bromide.  The  solution  was  cooled  in  a  freez- 
ing mixture  and  allowed  to  stand  for  an  hour  during  which  a  colorless  solid  separated 
in  granular  form.  This  was  purified  by  dissolving  it  in  a  little  cold  chloroform  and 
filtering  the  solution  into  twice  its  volume  of  methyl  alcohol.  It  crystallizes  in  plates 
which  turn  green  and  begin  to  soften  at  about  105®,  and  melt  with  effervescence  at 
about  128®. 

Analysis,  Calc.  for  COIuOiNClBr:  C,  50.2;  H,  3.4.  Found:  C,  49.8;  H, 
3.4.' 

When  the  higher-melting  isomer  was  treated  in  the  same  way  it  was  recovered  un- 
changed even  after  the  solution  had  stood  overnight.  After  more  protracted  action 
at  the  ordinary  temperature  some  of  it  had  disappeared  but  the  product  was  oily  and 
it  was  impossible  to  determine  the  nature  of  the  process  that  had  taken  place. 

l-PheByl«4<'(^-cli]orophenyl)-furane,  CH — CH — ^The  hydrogen  bromide  addition 

n  II 

cai»c  c— cai4a 

\/ 

o 

product  to  the  cyclopropane  derivative  loses  both  hydrobromic  and  nitric  acids  with 
the  greatest  ease,  and  passes  into  a  furane  derivative.  This  may  be  made  by  main- 
taming  the  bromo  compound  above  the  melting  point  until  effervescence  ceases; 
but  it  is  easier  to  obtain  it  by  boiling  an  alcoholic  solution  of  the  same  compound  for 


Digitized  by  VjOOQIC 


630  B.  P.  KOHLBR  AND  L.  I.  SMITH 

several  hours.  The  fttrane  derivative  separates  from  this-  solution  in  pale  yellow 
flakes  which  melt  at  123®. 

Analysis.    Calc.  for  CHnOCl:    C,  76.4;    H,  4.4.     Found:    C,  75.6;    H.  4.6. 

Action  op  Alkai^iss  on  thb  Cyclopropanb  Dbrivativb.— The  nitrocydopro- 
pane  derivative  seems  to  be  incapable  of  forming  a  metallic  derivative.  Cold  cone, 
aqueous  potassium  hydroxide  has  no  effect  on  it  whatsoever.  Dil.  alcoholic  potassium 
hydroxide  and  cone,  alcoholic  ammonia  merely  turn  the  lower  into  the  higher  melting 
isomer.  This  may  take  place  through  a  metallic  derivative  but  there  is  no  evidence 
that  such  is  the  case.  Cold  cone,  alcoholic  potassium  hydroxide  and  cold  alcoholic 
sodium  methylate  attack  both  isomers,  and  the  solutions  turn  slightly  yellow  in  color; 
but  nitrites  begin  to  separate  at  once  and  it  is  impossible  to  secure  any  evidence  that 
metallic  derivatives  are  formed. 

Plienacetyl-^-chkKro-Acetopheno&ey  CcHiCHsCOCHsCOCeH^Cl.— This  is  the  sole 
organic  compound  that  could  be  isolated  from  the  product  of  the  action  of  cone,  al- 
kalies upon  either  of  the  isomeric  nitrocydopropanes.  It  is  most  easily  obtained  by 
treating 'the  lower-mdting  isomer  with  sodium  methylate.  Ten  g.  of  this  substance 
was  added  to  a  solution  of  10  g.  of  sodium  in  dry  methyl  alcohol,  the  mixture  heated 
until  the  solution  was  dear,  allowed  to  stand  for  an  hour  during  which  sodium  nitrite 
separated,  and  then  cooled  in  a  freezing  mixture  and  poured  into  iced  hydrochloric 
acid.  The  resulting  mixture  was  extracted  with  ether  and  the  ethereal  solution  re- 
peatedly shaken  with  small  quantities  of  copper  acetate  solution.  It  gave  about  4 
g.  of  a  light  gray  copper  compound,  which  mdted  with  decomposition  at  218-220^. 

The  copper  compotmd  was  decomposed  with  dil.  add,  and  the  resulting  diketone 
recrystallized  from  methyl  alcohol.    It  crystallized  in  plates  and  mdted  at  78**. 

Analysis,    Calc.  for  Ci«Hi,Oia:   C,  70.4;   H,  4.8.    Found:   C.  70.5;   H,  6.1. 

The  structure  of  the  diketone  was  established  by  synthesis  from  ethyl  phenyl- 
acetate  and  ^chloro-acetophenoQe,  in  accordance  with  the  general  procedure  recom- 
mended by  Bulow  Grotowski.^*  This  gave  the  same  substance  with  a  yidd  of  about 
40%. 

With  a  view  to  stopping  the  reaction  at  an  earlier  stage  the  two  nitrocydopro- 
panes were  boiled  with  potassium  acetate  in  methyl  alcohol.  This  had  no  effect  what- 
soever oh  the  higher  mdting  substance  and  merdy  transformed  the  lower  into  the 
higher  mdting  isomer. 

Metfayl-3-benzyl-5-[^-dilorophenyl]-pyrone     carboisiate^,     CMasC— C1H4CI. 

C«H»CHtC  O 

\  / 

CH,0,C— C— CO 

^^The  pyrone  ester  was  formed  when  dther  of  the  isomeric  nitrocydo  propanes 
was  warmed  with  a  methyl  alcoholic  solution  of  the  sodium  derivative  of  di- 
methyl malonate.  Thus  11  g.  of  the  findy  powdered  cydopropane  derivative  was 
added  to  a  solution  obtained  by  dissolving  1 .6  g.  of  sodium  and  9  g.  of  dimethyl  ma- 
lonate in  70  cc.  of  dry  methyl  alcohol.  There  was  no  evidence  of  action  in  the  cold, 
but  when  the  solution  was  warmed  for  a  few -minutes  it  suddenly  turned  blood-red  in 
color,  the  temperature  rose  to  the  boiling  point,  and  the  solid  cydopropane  derivative 
rapidly  disappeared.  A  part  of  the  product  crystallized  when  the  blood-red  solution 
was  cooled  in  a  freezing  mixture;  the  rest  was  predpitated  by  addifjring  the  solution 
with  glacial  acetic  add.  The  solid  was  purified  by  dissolving  it  in  boiling  chloroform 
and  pouring  this  solution  into  twice  its  volume  of  boiling  methyl  alcohol. 

^^Grotowski,  Ber.,  34»  1483  (1901). 
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Analysis.    Calc.  for  C0HHO4CI:   C.  67.7;   H.  4.3.    Pound:   C,  68.0;  H.  4.4. 

The  pyrone  derivative  crystallizes  in  long  colorless  needles  which  have  a  beautiful 
sky-blue  fluorescence  and  mdt  at  171  ®.  It  is  very  sparingly  soluble  in  alcohol  and 
in  ether,  moderately  soluble  in  acetone,  readily  soluble  in  boiling  chloroform  and  in 
benzene.  The  yield  was  small,  about  20%.  It  was  not  increased  either  by  varying 
the  relative  amounts  of  ester  and  alcoholate,  or  by  changing  the  concentration  of  the 
alcoholic  solution. 

The  Pyrone  Acid. — It  was  shown  in  a  recent  paper  that  a-pyrone  esters  that  have 
an  ester  group  in  the  3-position  can  be  distinguished  from  their  isomers  by  their  be- 
havior towards  alkaliesi;  they  can  be  hydrolyzed  to  the  corresponding  acid.  The 
pjrrone  in  question  is  hydrolyzed  with  difficulty,  but  a  fair  yield  of  the  add  was  obtained 
by  proceeding  as  follows.  A  solution  of  sodium  methylate  was  prepared  by  dissolving 
0 .7  g.  of  sodium  in  20  cc.  of  methyl  alcohol  to  which  0 .5  cc.  of  water  had  been  added. 
This  was  dropped  into  a  boiling  solution  of  3 .5  g.  of  the  ester  in  benzene.  As  long  as 
any  ester  remained  in  the  benzene  layer  each  addition  of  alkali  produced  a  blood-red 
color  which  rapidly  faded  to  yellow.  The  mixture  was  poured  into  water  and  the  stronger 
alkaline  aqueous  layer  acidified  with  hydrochloric  add.  This  predpitated  a  mixture 
of  solid  and  oily  adds  which  was  dissolved  in  ether,  and  ultimatdy  separated  into  a 
yellow  add  Which  mdted  with  decomposition  at  155-167®,  and  a  colorless  add  which 
mdts  with  effervescence  at  about  147*^. 

The  yellow  pyrone  add  oystallizes  from  alcohol  in  thick  prisms.  It  is  sparingly 
soluble  in  ether,  but  readily  soluble  in  alcohol. 

Analysis.    Calc.  for  C19H11O4CI:  C,  67.0;  H,  3.8.    Pound:  C,  66.5;  H,  3.8. 

4-Benzyl-6-(^^diloropheByl]-pyrone,       CH «  CCJIiCl.— The      pyrone       add 

/  \ 

CiHiCHtC  O 

\  / 

CH  — C=0 

was  heated  in  a  metal  bath  to  165-170®  until  evolution  of  gas  ceased.  The  residue, 
which  solidified  on  cooling,  was  reoystallized  from  methyl  alcohol.  It  separated 
in  pale  srellow  i^tes  which  mdted  at  167-168®;  it  did  not  reduce  permanganate,  and 
was  insoluble  in  concentrated  aqueous  alkali. 

Analysis.    Calc.  for  CiiHi^OsCl:   C,  72.8;   H,  4.4.    Pound:   C,  72.5;   H,  4.6. 

/3-Benzyl-7-(^-dilorobeiizoyl)-crotoiiic  add,  ClCeHiCOCHiCCCH— CsHt) :  CH- 
COsH. — The  colorless  add  which  is  obtained  as  a  by-product  in  the  hydrolysis  of  the 
piTone  ester  readily  reduces  permanganate.  It  is  evidently  an  unsaturated  add  formed 
by  opening  the  pyrone  ring.  The  double  linkage  was  not  located,  but  as  the  add  loses 
carbon  dioxide  at  the  mdting  point  it  is  probably  next  to  the  carboxyl  group  as  indi- 
cated. 

Analysis.    Calc.  for  CiiHiiOtCl:   C,  68.7;   H,  4.8.    Pound:    C,  68.8;   H,  4.8. 

l-Hydroxy-2-carboxyethyl-3-ben^-5-(^-dilorophenyl)-pyridine,  CH>=C— C«H«C1 

CJIfCHtC  N 

CiHiOiC  —  C— COH. 
A  suspension  of  5.6  g.  of  the  pyume  ester  in  50  cc.  of  a  saturated  solution  of 
ammonia  in  dry  methyl  alcohol  was  shaken  overnight.  The  liquid  was  then 
pale  ydlow  in  color  and  it  hdd  a  small  quantity  of  a  fine  powder  in  suspension. 
This  was  removed  by  filtration  and  the  filtrate  allowed  to  evaporate  slowly  in  the  air. 
It  deposited  a  mass  of  fluffy  needles  which  were  reaystallized  from  a  mixture  of  chloto- 
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form  and  methyl  alcohol.  The  substance  melted  fairly  sharply  but  on  analysis  it 
gave  results  that  were  persistently  high,  for  both  carbon  and  hydrogen.  An  examina- 
tion of  the  alcohol  obtained  by  hydrolyzing  it  showed  that  at  some  stage  one  of  the 
substances  had  come  in  contact  with  ethyl  alcohol  and  that  the  methoxyl  group  had 
been  replaced  by  ethoxyl.    The  ester  melts  at  210^. 

Analysis.    Calc.  for  CiHisOjNCl:  C,  68.6;  H,4.91.    Found;  C,  68.4;  H,  9.4. 
/»-[^hlorophenyl}-Y-nitrobutyrophenone,   ClCai4CHCH>COCfHi.— An  excellent 

I 
CHjNOt 

yield  of  this  nitro  ketone  was  obtained  by  condensing  nitromethane  with  p-dHoro- 
benzal-aoetophenone  in  the  usual  way.  It  crystallizes  from  methyl  alcohol  in  needles 
and  melts  at  06^ 

Analysis.    Calc.  for  Ci«HuOtNCl:   C,  63.2;  H,  4.6.    Pound:   C,  62.8;   H,  4.2. 

a-Bramo-/MA<htoropheB]dl-7-iiitro-lmtyn»phenone,  CUC«H4CH  CHBrCOCsHt.— 

CHiNOs 
Bromination  of  the  nitro  ketone  gave  a  mixture  of  two  stereo-isomerkf  bromine  deriva- 
tives.   One  of  these,  the  principal  product,  was  isolated  in  pure  condition.    It  crjrstal- 
lized  in  white  needles  melting  at  lid"". 

Analysis.    Calc.  for  CHijOjNClBr:  C,  50.2;  H,  3.4.    Found:  C,  50.1;  H,  3.4 
l-Benzoyl-2-[^^chlorophenyl]-3-nitrocyclopropane,  ClC«HfeCH— CHCOCeHi.— The 

\y 

CHNOj 
yield  of  cydopropane  derivative  obtained  by  eliminating  hydrogen  bromide  from  the 
bromo  compound  with  potassium  acetate  was  extremely  poor,  about  20%,  but  all 
efforts  to  improve  it  failed.  The  substance  crystallizes  with  alcohol  of  cnrstallization. 
Immediately  after  removal  from  the  solution  it  melts  sharply  at  59°,  but  on  exposure 
to  the  air  it  soon  becomes  sticky.  In  this  form  it  loses  alcohol  very  slowly,  but  in  the 
course  of  2  or  3  weeks,  during  which  it  resolidifies,  its  weight  becomes  constant,  and  it 
then  melts  at  66-67*. 

Analysis.    Calc.  for  CnHuOtNCl:   C,  63.7.    H,  4.0.    Found:   C.  63.1;  H,  4.3. 

IsoMBRiZATiON. — ^Like  all  the  other  nitrocydopropane  derivatives  of  this  series, 
this  one  is  very  readily  changed  into  a  higher-mdting  less  active  steroisomer.  This 
is  most  conveniently  accomplished  by  allowing  the  findy  powdered  solid  to  remain  in 
contact  with  a  saturated  solution  in  alcohol.  Under  the  most  favorable  conditions 
this  gives  a  product  which  mdts  at  157-159*. 

Analyses.  Calc.  for Ci«HisO|NCl:  C,  63.7;  H,  4.0;  N,  4.6.  Found:  C,  63.6; 
H,  4.1;   N.  4.9. 

Under  less  favorable  conditions  the  action  of  ammonia  gives  a  product  that  mdts 
at  110-112*.  This  has  the  same  composition  as  the  former  and  is  in  all  probability 
composed  of  mixed  crystals  sitnilar  to  those  described  in  an  earlier  part  of  this  paper. 

Analyses.  Calc.  for  CHuCNCl:  C,  63.7;  H,  4.0;  CI,  11.4.  Found:  C, 
63.8;  H,  4.1;   CI,  11.2. 

/3-Nitro-r-l>romo-7*(^-dilorophenyi)-butyrophenone9  ClC<H4CHBrCHNOiCHs 
COCiHs. — ^Twenty  g.  of  the  cydopropane  derivatives  mdting  at  67*  was  dissolved 
in  50  cc.  of  glacial  acetic  add,  and  the  solution  was  cooled,  saturated  with  hydrogen 
bromide  and  allowed  to  stand.  As  no  solid  separated  in  the  course  of  an  hour,  the  mix- 
ture was  poured  into  cracked  ice  and  the  oily  precipitate  extracted  with-  ether.  The 
dried  ethereal  solution  on  evaporation  deposited  10  g.  of  a  crystalline  solid  which,  after 
recrystallization  from  ether-alcohol,  melted  with  effervescence  at  112-114*. 
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Analysis.  Calc.  for  CnHi,0,NClBr:  C.  50.2;  H,  3.4.  Found:  C,  49.8;  H,  3.6. 
The  high-melting  cyclopropane  derivative  does  not  combine  with  hydrogen  bromide; 
it  was  recovered  unchanged  even  after  the  solution  in  glacial  acetic  acid  was  saturated 
with  hydrogen  bromide  at  zero  and  allowed  to  stand  at  the  ordinary  temperature 
overnight. 

/3-Nitro-7-hydro2y-7-(^-chlorophenyl)-butyrophenone,  ClCeHiCHOHCHNOiCHj 
COCfHi. — The  hydrogen  bromide  addition  product  very  easily  loses  both  nitrous 
and  hydrobromic  adds  and  passes  into  the  same  furane  that  was  described  earlier  in 
the  paper.  By  very  cautious  treatment  with  silver  acetate,  however,  it  is  possible 
to  replace  the  bromine  with  hydroxyl.  For  this  purpose  an  alcoholic  solution  of  5 
g.  of  the  addition  product  and  2.1  g.  of  silver  acetate  was  gently  warmed  and  persist- 
ently shaken  for  an  hour.  The  silver  bromide  was  then  removed  and  the  filtrate 
cooled  in  ice  water.  It  deposited  a  cnrstalline  solid  which  was  purified  from  alcohol 
from  which  it  separated  in  needles  melting  at  142°. 

AnalyHs.    Calc.  for  ChHm04NC1:   C,  60.4;   H,  4.4.    Found:   C,  60.5;   H.  4.4. 

The  hydroxyl  compound  reduces  permanganate.  When  treated  with  alkalies 
it  loses  water  and  nitrous  acid  and  forms  the  same  furane  that  is  obtained  by  heating 
the  bromine  compound. 

a,r-I>il>n>mo-/3-nitro-7-(/»-chlorophen]d)-but7rophenone,  ClCfHiCHBrCHNOiCH- 
BrCOCfHs. — The  hydrobromic  acid  addition  product  is  very  easily  brominated.  The 
product  crystallizes  in  plates  and  melts  at  143*.  The  substance  was  made  for  the  pur- 
pose of  determining  which  of  the  two  stereo-isomeric  bromine  compounds  would  be  ob- 
tained when  bromine  was  eliminated,  but  all  attempt^to  remove  the  bromine  and  leave 
the  rest  of  the  molecule  intact  were  unsuccessful. 

Analysis.  Calc.  for  CiiH»OiNClBri:  C,  41.6;  H,  2.6.  Found:  C,  41.2;  H, 
2.7. 

/>-Chloro-phenacetyl-acetophenone,  ClCtH4CHtCOCH2COC6H6.— The  behavior' 
of  the  nitrocydopropane  towards  alkalies  is  exactly  like  that  of  the  isomer  described 
earlier  in  the  paper.  The  product  of  the  action  of  sodium  methylate  is  a  diketone 
which  mdts  at  52-54**  and  forms  a  gray-green  copper  derivative  that  mdts  with  de- 
composition at  229-230''. 

Analysis.    Calc.  for  CnH„0,Cl:    C.  70.4;    H,  4.8.    Found:    C,  70.0;    H,  4.8. 

Meth]d-4-(^-chlorophenyl)-pyrone-carboxylate-3,  CH  =  C  C«Hs.— Nine  g.  of  the 

/•  \ 

ClCeHiCHiC  O 

\  / 

CH,Of  C  —  C  —  CO 

findy  powdered  cydopropane  derivative  was  added  in  small  portions  to  a  solution  of 
1 .4  g.  of  sodium  and  9  g.  of  dimethyl  malonate  in  50  cc.  of  dry  methyl  alcohol.  The 
nitro  compound  dissolved  rapidly  in  the  cold  and  the  solution  assumed  the  char- 
acteristic blood-red  color.  It  was  cooled  in  a  freezing  mixture  and  acidified 
with  4  g.  of  glacial  acetic  add.  The  solid  that  separated  was  recrystallized  from  methyl 
alcohol  which  deposited  it  in  long  silky  needles  that  showed  the  blue  fluorescence  char- 
acteristic of  these  pyrone  esters. 

Analysis.    Calc.  for  CoHijOiCl:    C,  67.7;   H,  4.3.    Found:    C,  67.2;    H,  4.6. 

Summary* 

1.    The  elimination  of  hydrogen  bromide  from  a-bromo-7-nitro  ketones 
results  in  the  formation  of  nitrocydopropane  derivatives  which  com- 
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bine  with  hydrogen  bromide  as  readily  as  do  ethylenic  ketones,  and  the 
mode  of  addition  is  the  same  in  both  cases. 

2.  Ammonia  transforms  these  substances  into  stereo-isomers  which 
do  not  combine  with  hydrogen  bromide 

3.  Although  these  cyclopropane  derivatives  are  constituted  like 
secondary  nitro  compounds  they  do  not  form  metallic  derivatives. 

4.  Concentrated  alkalies  remove  nitrous  acid  from  the  nitrocyclo- 
propanes  and  transform  them  into  diketones.  The  probable  steps  in 
this  process  are:  first,  elimination  of  nitrous  acid;  second,  rearrangement 
of  the  resulting  cyclopropane  to  an  acetylenic  ketone;  third,  addition  of 
water  to  the  ketone. 

Cambiudgs  38,  Massachusbtts 


[Contribution  prom  ths  Chbmical,  Laboratory  op  thq  Johns  Hopkins  Univbrsity] 

SESQUI-MUSTARD  GAS  OR  BIS-zS-CHLORO-ETHYL  ETHER  OF 
ETHYLENE  DITHIO-GLYCOL 

By  Rafhabl  Rosen  and  E.  Emuet  Reid 

Received  December  2,  1921 

In  view  of  the  remarkable  properties  shown  by  /3/3'-dichloro-ethyl 
sulfide,  it  seemed  of  interest  to  prepare  a  compound  of  the  same  type  but 
having  2  sidfur  atoms  separated  by  an  ethylene  group,  CICH2CH2SCH2- 
CH2SCH2CH2CI,  with  a  view  to  comparing  the  chemicrt  and  physiological 
properties  with  those  of  the  monosulfur  compo-aid. 

Two  ways  of  preparing  the  corresponding  dihydroxy  compound  were 
studied;  (1)  the  reaction  of  the  sodium  salt  of  monothio-glycol  on  ethylene 
bromide  and  (2)  of  ethylene  chlorohydrin  on  the  sodium  salt  of  ethylene 
dithio-glycol. 

Preparation  of  Monofliio-ethylene  Glycol,  HSCH2CH2OH. — Our  work 
with  this  compound  was  done  before  the  paper  of  Bennett^  came  to  hand, 
but  our  conclusions  agree  well  with  his,  though  our  yields  were  not  so  good. 
We,  too,  had  great  difficulty  in  repeating  the  work  of  Carius.*  In  a 
number  of  experiments,  in  which  his  directions  were  followed  as  closely  as 
possible,  we  obtained  only  insignificant  yields. 

The  best  method  we  found  to  be  as  follows. 

Two  hundred  and  forty  g.  of  crystallized  sodium  sulfide  is  melted  on  the  water* 
bath  and  saturated  with  hydrogen  sulfide;  150  g.  of  alcohol  is  added  and  the  mizture 
resaturated.  To  this  solution,  which  is  kept  below  20"^,  120  g.  ethylene  chlorohydrin 
is  added  slowly.  This  material  is  allowed  to  stand  for  36  hours  at  room  temperature. 
Then  hydrogen  chloride  is  passed  in  until  the  mixture  is  acid,  and  the  sodium  cfalcnide 
filtered  off.    The  filtrate  is  fractionated  under  reduced  pressure.    The  yield  was  26  to 


» Bennett.  /.  Chem.  Soc,  120,  422  (1921). 
>Carius,  Ann.,  124,  257  (1862). 
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30%  of  the  pure  mercaptan  boiling  at  52®  at  12  mm.     The  mercaptaa  is  colorless,  has  a 
characteristic  odor  and  is  very  soluble  in  water,  in  alcohol  and  in  ether. 

The  residue  from  the  distillation,  after  the  removal  of  sodium  chloride,  is  a  sirupy 
liquid  containing  ethylene  disulfide  which  is  precipitated  by  the  addition  of  water,  and 
/3^'-hydroxy-ethyl  sulfide  which  was  identified  by  being  transformed  into  mustard  gas 
by  cone,  hydrochloric  add. 

The  lead  compound  of  the  mercaptan  is  yellow  and  only  slightly  soluble 
in  alcohol.  The  mercurous  compound  is  a  white  crystalline  solid,  soluble 
in  hot  alcohol  and  melting  at  108^- 

In  alkaline  solution,  it  reacts  like  other  mercaptans;'  a  sulfonic  acid 
group  in  the  a  position  in  anthraquinone  is  replaced  to  give  compounds 
of  the  type  C14H7O1.SCH2CH2OH.  A  number  of  these  have  been  made 
in  this  Laboratory  and  will  be  reported  later.  ^ 

Dithio-ethylene  glycol  was  prepared  by  the  method  of  Fasbender*  as 
modified  by  Hoffman  and  Reid^  in  this  Laboratory.  The  original  method 
yields  a  product  containing  74%  of  the  mercaptan,  but,  by  distilling  the 
reaction  mixture  in  a  vacuum  instead  of  with  steam,  the  pure  mercaptan 
is  obtained.  This  mercaptan  can  be  determined  by  the  method  of  Kim- 
ball, Kramer  and  Reid,*  provided  the  mixture  stands  overnight  after  the 
addition  of  the  iodine  and  before  titration. 

Bi»-^^dxoiy-efhyl  Etiier  of  Etiijdene  Difhio-^ycol.—HOCHsCHtSCHtCHsSCHt- 
CH/>H. — ^To  a  mixture  of  15  g.  of  monothio-ethylene  glycol  and  18  g.  of  ethylene 
bromide,  8  g.  of  powdered  sodium  hydroxide  was  added  in  small  portions  and  the  mixture 
was  refluzed  for  an  hour.  The  reaction  product  was  extracted  repeatedly  with  boiling 
ether.  A  flaky  white  substance  separated  as  the  extract  cooled.  This  was  recrjrstallized 
from  absolute  alcohol.  The  compound  is  waxy  and  hygroscopic  and  melts  at  1 14-71 1  ^. 
On  account  of  its  properties  it  is  difficult  to  purify,  which  explains  the  high  sulfur  con- 
tent found,  vis.,  37.39%  instead  of  the  calculated  value,  35.18%. 

The  same  compound  was  obtained  from  dithio-ethylene  glycol  and  ethylene  chloro- 
hydrin  in  a  similar  way. 

Attempts  to  prepare  this  compound  by  the  use  of  alcoholic  potash  instead  of  the 
powdered  sodium  hydroxide  were  fruitless;  a  white  flaky  substance,  insoluble  in  all 
common  solvents  and-  unreactive  with  the  usual  reagents,  was  always  obtained.  It  is 
probable  that  vinyl  derivatives  are  formed  at  first  and  that  these  polymerize  to  give 
the  insoluble  substance.^ 


*Rdd,  MadcaU  and  Miller,  This  Journai,,  43,  2104   (1921). 

«  Hoffman  and  Reid,  unpublished  work. 

■Pasbender,  Ber,,  20,  460  (1887). 

•Kimball,  Kramer  and  Reid.  This  Journai,,  43,  1199  (1921). 

^  After  this  article  had  been  submitted,  that  of  Bennett  and  Whincop  (/.  Chetn.  Soc., 
120,  1860  (1921))  came  to  hand.  They  prepared  the  same  compound  in  alcohol  so- 
lutioa  and  speak  of  a  "quantitative  yield."  I  have  asked  Mr.  W.  S.  Hoffman  of  this 
laboratory  to  repeat  their  work  to  dear  up  the  discrepancy.  After  several  trials, 
he  has  been  able  to  obtain  the  dihydroxy  compound  in  alcdh<rf  solution  by  their  method, 
but  only  in  20%  yield,  and  melting,  after  two  xecrystalliaEatlons  from  ether,  at  56* 
(B.  and  W.  give  64*);  sulfur,  found,  36.00%,  instead  of  calc,  35.18%.  The  high 
melting  point  reported  above  must  have  been  due  to  contamination  with  one  of  the 
ethylene  polysulfides,  indicated  by  the  high  sulfur  content.    The  melting  points  of 
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From  the  dihydroxy  compound,  the  dichloride  was  prepared  by  boiling 
the  former  with  several  parts  of  cone,  hydrochloric  acid  for  an  hour. 
The  chloride  separates  as  a  yellow  oil  which  solidifies  as  it  cools.  It  was 
recrystallized  from  hot  alcohol  and  melted  at  64° 

Calc:  S,   29.26.    Found:  29.87.     Calc:  CI,   32.36.     Found:  30.99. 

This  shows  that  some  of  the  hydroxy  compound  was  present.  It  is 
readily  hydroly^Ked. 

Similarly  the  bromide  was  obtained  and  melted  at  90-94®. 
Calc:  S,    20.81.    Found:  21.42.    Calc:  Br,    61.88.    Found:  50.73. 

By  heating  the  dihydroxy  compound  with  acetyl  chloride  a  liquid  was 
obtained  which  seemed  to  be  the  di-acetate. 

Physiological  Effects 

On  account  of  the  higher  molecular  weight,  the  volatility  is  less  and  the 
vapors  would  not  be  expected  to  show  the  activity  of  the  monosulfide. 
When  a  tiny  particle  is  placed  on  the  human  skin,  a  bum  is  produced,  but 
its  effect  is  considerably  less  than  that  of  mustard  gas.' 

Conjunctivitis  of  the  eyes  and  a  rash  over  hands  and  face  were  suffered 
by  the  operator  while  working  with  it. 

Summary 
An  analog  of  mustard  gas,  (ClCH2CH2SCHs)2i  m.  p.  64^,  has  been  pre- 
pared and  found  to  have  decided  vesicant  action.    The  corresponding 
dihydroxy  compound,  m.  p.  114-117°,  was  made  as  an  intermediate. 
Baltimore,  Maryland 

[Contribution  from  the  Chsmical  Laboratory  op  Aaih^rst  College] 

TRIHALOGEN-METHYL  REACTIONS.    IV.    REACTION  OF  TRI- 
CHLORO-ACETIC  ACID  WITH  COPPER 

By  Howard  Waters  Doughty  and  Benjamin  Freeman 

Received  December  12, 1921 

For  several  years  the  senior  author  has  been  interested  in  the  behavior 
of  compoimds  which  contain  the  trichloro-  or  tribromo-methyl  group, 
with  copper  in  presence  of  aqueous  ammonia.^**'*  With  the  exception 
of  benzotrichloride,  all  of  this  class  of  compounds  which  have  been  tested 
react  with  copper  more  or  less  rapidly  in  the  presence  of  aqueous  ammonia, 

all  our  samples  were  indefinite.  Mr.  Hoffman,  by  the  use  of  thionyl  chloride,  has  ob> 
tained  the  crude  dichloride  melting  at  53^  agreeing  well  with  Bennett  and  Whincop 
who  give  64*^  as  the  melting  point  of  the  unrecrystallized  chloride. — £.  E.  R. 

*  Our  thanks  for  the  physiological  tests  are  due  to  Lt.  Harry  A.  Kuhn,  Chief  of  the 
Dept.  of  Toxicology,  Edgewood  Arsenal. 

*  Doughty,  This  Journal,  39,  2686  (1917). 

*  Doughty,   ibid.,  41,   1129    (1919). 
•Doughty  and   Freeman,   ibid,,  43,  700    (1921). 
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the  copper  passing  into  soluticm  as  ammcmo-cupric  chloride,  while  mono- 
or  dihalogen  methyl  compotmds  react  much  less  readily  or  not  at  all 
in  similar  environment,  except  ammonimn  diddoro-acetate,  which  does 
also  react.^  Ammooimn  triddoro-acetate  is  particularly  noticeable  for 
the  violence  erf  its  reacticm,  and  the  present  writers  therefore  decided 
to  investigate  the  behavior  of  trichloro-acetic  acid  and  its  derivatives 
with  copper,  intending  to  conduct  a  similar  investigation  of  the  behavior 
of  other  substances  which  contain  the  trihalogen-methyl  group,  in  the 
hope  of  finding  some  relation  between  the  intensity  of  reaction  and  the 
''negativity"  of  the  fourth  substituent  of  the  methane  molecule  in  com- 
pounds of  the  general  formtila  RCXs,  where  R  is  a  radical  or  hydrogen, 
and  X  a  halogen  atom.  As  the  present  writers  are  no  longer  in  a  position 
to  cany  cm  the  work  together,  it  is  deemed  advisable  to  make  a  statement 
of  what  has  been  accomplished  by  them  so  far. 

Berthelot*  prepared  acetylene  by  passing  chloroform  vapor  over  heated 
copper.  Cazeneouve,*  in  1891,  found  that  bromoform  and  iodoform 
react  much  more  energetically  with  copper  and  that  bromoform,  gently 
wanned  with  silver  powder,  gives  acetylene  and  the  silver  becomes  in- 
candescent, while  iodoform  reacts  still  more  vigorously.  On  the  other 
hand,  chloroform,  according  to  Caaeneouve,  does  not  react  at  all  with 
silver. 

Beilstein^  states  that  benzotricUoride,  warmed  with  copper  powder, 
reacts  vigorously,  forming  first  tolane  tetnK^hloride  and  ihen  tolane  di- 
chlcHide.  He  does  not  mention  any  evidence  of  the  formation  of  tolane. 
Evidently  the  replacement  of  the  hydrogen  of  chloroform  by  the  phenyl 
group  makes  a  considerable  difference  in  the  course  of  the  reaction,  though 
in  both  cases  the  tendency  is  towards  the  f  ormaticm  of  acetylene  deriva- 
tives. The  problem  for  us  in  the  present  investigation  is  the  determinaticMi 
of  the  effect  of  substituting  a  carboxyl  group,  instead  of  a  phenyl  group, 
for  the  hydrogen  of  chlorcrfonn. 

Some  Derivathres  of  Tetrachloro-succinic  Acid 
Analogy  to  the  action  of  chloroform  and  of  benzotrichloride  would  sug- 
gest that  the  action  erf  trichloro-acetic  acid  on  copper  might  result  in  the 
formation  of  acetylene  dicarboxyUc  acid  or  tetrachloro-succinic  add. 
The  latter  possibility  is  of  particular  interest  from  the  fact  that  no  mention 

•  Thanks  to  the  courtesy  of  Professor  Treat  B.  Johnson,  of  Yale  University,  and 
Mr.  G.  W.  Ptxdier,  we  have  obtained  a  considerable  quantity  of  dichloro-acetic  acid, 
prepared  by  the  latter  (Tms  Journai,,  42, 2251  (1920)) .  We  find  that  this  add,  probably 
as  pure  as  has  ever  been  prepared,  does  react  with  copper  and  aqueous  ammonia,  and 
also  with  cuprous  chloride  in  aqueous  ammoniacal  solution. 

•  Berthelot,  Compt.  rend.,  50,  806  (1860). 

•  Cazeneouve,  ibid,,  113,  1064  (1891). 

'  Beilstem,  "Handbuch  der  organischen  Chcmie,"  Leopold  Voes,  3rd  Ed.,  vol.  II, 
p.  48. 
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of  tetrachloro-succinic  acid,  its  salts  or  its  esters,  is  to  be  found  in  the  lit- 
erature, excepting  "perddoro-succinic  ester/'  CsCluOi,  which  is  formed  by 
the  action  of  chlorine  on  diethyl  succinate  in  the  sunlight.  This  substance 
reacts  with  ammonia  gas  or  liquid  ammonia  to  form  a  substanoe  which 
Malaguti'  formulated  as  CtHCUNO,  and  called  chloro-azo-succinic  acid 
while  Laurent*  considered  it  to  be  tetrachloro-sucdnimide,  C4CI4OSNH. 
Anschiitz  and  Eeavis^®  prepared  what  they  considered  to  be  tetrachloro- 
succinanil,  m.  p.  157^,  by  the  acticm  of  phosphorus  pentachlmde  on  the 
anil  of  dichloro-maleic  add.  They  do  not  offer  any  evidence  for  the  for- 
mula assigned,  other  than  analysis  and  the  method  of  preparation.  The 
other  chloro-sucdnic  acids  have  been  prepared.  The  trichloro-succinic 
acid  prepared  by  Van  der  Riet^^  is  particularly  significant  as  indicating 
the  reason  for  the  non-appearance  of  tetradiloro-sucdnic  add  in  the  lit- 
erature. He  found  that  a  mixture  of  chloro-maldc  add,  water,  and  liquid 
chlorine  in  a  sealed  tube  in  the  sunlight^  gave  an  acid,  soluble  in  ether, 
very  hygroscopic,  and  hence  not  obtainable  in  pure  condition.  From 
this  he  prepared  salts  of  various  metals,  all  soluble  in  water  excepting 
those  of  lead  and  silver,  and  also  the  aniline  salt,  m.  p.  146^  (with  de- 
comp.)»  whidi  separates  as  a  white  crystalline  pfedpitate  when  aniline  is 
added  to  an  alcoholic  solution  of  the  add,  and  which  is  easily  purified 
by  recrystallization  from  alcohol.  Analyses  of  these  salts  showed  the 
add  to  be  tridiloro-sucdnic  add. 

The  reaction  of  trichloro-acetic  add  with  copper  powder  is  very  vigorous 
and  our  first  attempts  to  obtain  a  product  of  the  reaction  were  not  success- 
ful. We  therefore  turned  our  attention  to  the  action  of  the  ester,  ethyl 
trichloro-acetate,  on  copper,  thus  introducing  the  carbethoxy  group  as 
R  in  the  general  formula,  RCCI9.  The  ester  was  prepared  by  saturating 
an  alcoholic  solution  of  pure  trichloro-acetic  add  with  hydrogen  chloride 
in  the  usual  way.  It  boiled  at  165-167^.  In  the  following  experiments 
copper  was  used  in  various  forms.  Copper  powder  was  prepared  by  re- 
duction of  copper  sulfate  with  zinc,  with  subsequent  washing  and  drying. 
We  also  tried  copper  powder  prepared  by  reducing  copper  oxide  with  hy- 
drogen. The  most  effective  form  was  found  to  be  the  "dark  copper  bronze" 
prepared  for  use  with  bronzing  lacquers  and  obtainable  from  dealers  in 
painters'  and  decorators'  supplies. 

Diethyl  Tetrachloro-succinate. — ^Ethyl  triohloro-acetate  was  heated  on  a  water- 
bath  and  copper  powder  was  added  in  5g.  portions,  with  stirring,  at  10-minute  intervals 
until  about  3  moles  of  copper  had  been  added  to  2  moles  of  ester.  The  heating  was 
continued  for  6  to  8  hours.  The  liquid  was  then  filtered  off  and  the  residue  extracted 
with  ether.    The  ether  extract  was  added  to  the  main  filtrate,  and  the  whole  product 

•  Malaguti,  Gerhardt,  "Traits  chim.  organ./'  vol  II,  pp.  466,  477. 

*  Laurent,   CompL   rend,,  35,  381    (1862). 

»  Anschiitz  and  Beavis,  Ann.,  295,  33,  39  (1807). 
"  Van  der  Riet,  iUd„  280,  221,  230  (1894). 
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wtLS  fractionated  under  diminished  presstire.  A  colorless,  mobile  liquid  was  obtained, 
having  a  pleasant,  rather  spicy  odor,  distilling  at  156°  (13  mm.).  When  heated  to 
175^  under  atmospheric  pressure  it  decomposed,  giving  hydrogen  chloride  and  a  brown 
viscous  residue. 

Analyses,  Calc.  for  C«Hio04Cl4:  CI,  45.64.  Found:  (Carius)  44.56,  44.68. 
Mol.  wt.  Calc:  312.  Found:  293.4.  Saponification  equivalent  (g.  of  NaOH  per 
g.  of  ester).    Calc:  02564.    Pound:  0.2676,  0.2504. 

These  anal3^se8,  while  not  indicating  a  high  degree  of  purity  of  product,  do  show 
that  the  ester  is  in  all  probability  diethyl  tetrachloro-sucdnate.  To  test  this  further, 
the  ester  was  reduced  by  heating  with  cone  hydriodic  add  for  several  days  in  a  flask 
with  return  condenser.  The  iodine  which  separated  was  filtered  off,  the  solution 
decolorized  by  hydrogen  sulfide  and  evaporated  to  dryness.  From  13  g.  of  ester  about 
1  g.  of  an  acid  was  obtained,  light  brown  in  color,  which  melted  at  180-181  ^.  With  the 
same  thermometer  succinic  acid  melted  at  182°  and  a  mixtiu-e  of  the  two  in  equal 
parts  melted  at  181  °,  proving  conclusively  that  the  product  of  reduction  of  the  ester, 
with  accompanying  hydrolysis,  is  succinic  acid,  from  which  it  appears  highly  probable 
that  the  ester  is  diethyl  tetrachloro-succinate. 

Attempts  to  saponify  the  ester  by  boiling  with  cone  hydrochloric  acid  were  not 
successful.  A  dark  colored  tarry  product  was  obtained  from  which  no  definite  substance 
could  be  isolated. 

Aniline  Tetrachloro-snccinate. — ^When  trlchloro-acetic  acid  and  copper  powder 
were  intimately  mixed  the  mixture  became  very  hot,  and  a  considerable  part  of  the 
acid  was  lost  by  volatilization.  By  adding  the  copper  in  small  portions  and  waiting 
for  the  reaction  to  subside,  the  temperature  was  kept  below  the  boiling  point  of  tri- 
chloro-acetic  acid.  The  copper  was  added  tmtil  3  atoms  of  copper  were  present  to  2 
moles  of  trichloro-acetic  acid.  After  cooling,  the  mixttu-e  was  extracted  with  ether. 
The  ether  filtrate  was  evaporated,  leaving  a  green  sirupy  mass.  This  was  dissolved 
in  alcohol  and  the  copper  precipitated  by  hydrogen  sulfide.  After  filtering,  the  hydro- 
gen sulfide  was  removed  by  partial  evaporation  under  diminished  pressure.  The  re- 
maining solution,  dark  red  in  color,  contained  a  strong  add.  Aniline  was  added  to  this 
solution,  which  was  then  placed  in  the  ice  chest.  After  some  hours  a  small  quantity 
of  small,  fine,  hard,  white  oystals  formed,  which  mdted  at  149-150°  (con*.).  Analysis 
indicates  that  this  substance  is  aniline  tetrachloro-sucdnate. 

Analyses.  CalcforC4Cl4H,04.2C.H8NH,:  CI, 32.12;  N,  6.33.  Found :  Q  (Carius) 
32.32.  31.91,  32.29;  N  (Kjddahl),  6.22.  Subs,  (anilme  salt),  1.1711:  104.89  cc. 
of  0.1  i^BaOiHi  (thymol  blue  (blue-yellow)).    Calc:  105.94  cc. 

Aniline  tetrachloro-succinate  is  soluble  in  benzene,  rather  difficultly  soluble  in 
water,  slightly  soluble  in  ether,  very  slightly  soluble  in  cold  alcohol,  but  readily  on 
heating.  Boiled,  or  allowed  to  stand  with  water,  it  hydrolyzes  easily,  giving  hydro- 
chloric add.  The  analjrses  might  equally  well  indicate  aniline  dichloro-acetate,  but 
this  salt  mdts  at  122-123°. 

Although  tetrachloro-succinio  acid  undoubtedly  exists  in  the  alcoholic 
solution  mentioned  above,  after  satiu-ation  with  hydrogen  sulfide,  we  have 
not  been  able  to  obtain  the  free  acid  in  anything  approaching  pure  con- 
dition. Apparently  it  resembles  trichloro-succinic  acid  in  being  exceed- 
ingly hygroscopic,  and  it  is  also  easily  hydrolyzed  and  probably  decomposes 
easily,  to  judge  from  the  fact  that  the  ester  gives  large  amounts  of  hydro- 
gen chloride  when  heated  above  175°.  The  yield  of  aniline  tetrachloro- 
succinate  is  small,  never  exceeding  5%  of  the  weight  of  the  trichloro- 
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acetic  add  used  in  our  experiments.  Many  attempts  were  made  to 
increase  the  yield,  by  using  various  solvents  to  diminish  the  intensity  of 
the  reaction  and  by  varying  the  conditions  as  to  temperature  and  mixing, 
but  we  have  not  been  able  to  obtain  any  considerable  amounts  of  this  salt. 
When  water  or  benzene  was  used  to  dissolve  the  trichloro-acetic  acid 
before  adding  the  copper,  no  trace  of  aniline  tetrachloro-sucdnate  could 
be  obtained.  ^^  It  was  obtained  when  the  reaction  took  place  in  ether 
solution,  but  the  yield  was  not  very  different  from  that  obtained  by  the 
method  described  above,  and  in  some  experiments  none  was  obtained. 

Preparation  of  Dkhloro^Acetic  Add 

The  small  yield  of  a  salt  of  tetrachloro-succinic  acid  led  to  fiurther  study 
of  the  products  of  the  reaction  between  trichloro-acetic  acid  and  copper, 
particularly  in  aqueous  and  in  benzene  solution,  from  which  it  appears 
that  only  a  relatively  small  part  of  the  product  is  tetrachkHt)-sucdnic 
add,  and  the  principal  product  is  dichloro-acetic  acid.  Indeed  it  appears 
that  this  reaction  affords  a  very  satisfactory  means  of  preparation  of  the 
latter  acid,  either  in  aqueous  solution  or  in  the  anhydrous  condition. 

Trichloro-acetic  acid,  15  g.,  was  dissolved  in  100  cc.  of  benzene,  and  15  g.  of  copper 
powder  was  added  in  5g.  portions  at  intervals  of  about  15  minutes.  The  mixture, 
whidb  soon  became  warm,  was  stirred  continuously  mth  an  electric  stirrer  for  2  hours. 
Hydrogen  chlcM-ide  was  then  passed  into  the  mixture  to  convert  any  organic  copper 
salts  into  cuprous  or  cupric  chlorides,  both  of  which  are  insoluble  in  benzene.  After 
filtering  from  the  copper  chlorides,  the  hydrogen  chloride  was  removed  by  partial 
evaporation  in  a  vacuum.^*  When  0  g.  of  aniline  was  added  to  the  remaining  solution, 
about  12  g.  of  white  cnrstalline  precipitate  was  obtained,  which  proved  to  be  aniline 
dichlcMTO-acetate,  m.  p.  122-123  *'.  In  order  to  establish  the  identity  of  this  jn-oduct, 
aniline  dichloro-acetate  was  also  prepared  from  Pucher's  dichloro-acetic  acid'^  which 
had  been  subjected  to  further  fractionation.  The  melting  point  of  the  aniline  salt 
thus  prepared  was  identical  with  that  prq;>ared  as  described  from  trichloro-acetic 
acid,  and  a  mixture  of  the  two  products  melted  at  the  same  temperature,  122-123°. 

When  water  was  substituted  for  benzene  in  the  experiment  just  described,  similar 
results  were  obtained.  In  this  case,  using  15  g.  of  trichloro-acetic  add  and  10  g.  of 
copper  powder  in  100  cc.  of  water,  the  green  color  appeared  in  5  minutes,  and  in  30 
minutes  the  temperature  rose  from  23*  to  40*.  After  stirring  for  1  hour  the  solution 
was  filtered  from  unchanged  copper  and  insoluble  copper  salts,  and  evaporated  to 
dryness.    The  residue  was  pulverized,  suspended  in  benzene,  sattu-ated  with  hsrdrogen 

^'  In  the  abstract  of  the  preliminary  report  of  this  work,  which  was  presented 
at  the  Spring  meeting  of  the  American  Chemical  Society,  1921,  and  appeared  in  Science, 
(54,  35  (1921))  it  was  stated  that  good  results  were  obtained  by  carnring  out  the  re- 
action in  benzene  solution.  The  discrepancy  in  statement  is  due  to  the  fact  tiiat  the 
melting  point  of  aniline  tridiloro-acetate  is  147*,  and  therefore  this  salt,  whidi  is  present 
if  the  reaction  is  incomplete,  may  be  easily  mistaken  for  aniline  tetrachloro-sucdnate, 
m.  p.  149-150*;  it  was  so  mistaken  in  some  of  the  earlier  experiments  when  the  latter 
salt  had  not  been  obtained  entirely  piu-e  and  therefore  melted  slightly  low. 

"  This  precaution  was  probably  unnecessary.  Simply  boiling  the  solution  would 
doubtless  have  answered  as  well. 

i«  Pucher,  Tms  Journai,,  42»  2251  (1920). 
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chloride,  filtered  from  copper  chloride,  freed  from  hydrogen  chloride  by  partial  evapo- 
ration under  diminished  pressure  and  aniline  was  added.  The  yield  of  aniline  dichloro- 
acetate  was  14.4  g. 

While  no  attempt  was  made  to  determine  the  maximum  3rield  of  dichloro- 
acetic  add  by  this  method,  it  is  evident  that  it  is  present  in  the  benzene 
solution  befoire  addition  of  aniline,  and  could  therefore  be  obtained  very 
easily  by  fractional  distillation.  The  method  has  obvious  advantages 
over  the  older  method*^  of  preparation  from  chloral  and  potassium  or 
sodium  cyanide  with  the  attending  tmpleasant  evolution  of  large  quanti- 
ties of  hydrocyanic  add. 

In  the  preparation  of  dichloro-acetic  add  from  trichloro-acetic  add  as 
described  above,  hydrogen  sulfide  can  be  used  instead  of  hydrogen  chloride 
to  remove  copper,  but  we  have  f otmd  hydrogen  chloride  to  be  the  more 
satisfactory  reagent.  This  method  of  preparation  of  dichloro-acetic 
add  is  now  under  investigation  in  this  laboratory  to  determine  the  best 
conditions  for  obtaining  a  maximum  3rield.  The  results  will  be  published 
shortly. 

Didiloro-acetic  add  is  also  formed  when  trichloro-acetic  add  reacts 
with  copper  without  any  solvent.  Copper  dichloro-acetate  is  found, 
together  with  cuprous  chloride,  in  the  residue  after  extraction  with  ether, 
and  didiloro-acetic  add  is  obtained  by  suspending  this  residue  in  benzene 
and  treating  with  hydrogen  chloride  as  described  above.  While  we  have 
no  numerical  data  as  regards  the  yield  of  dichloro-acetic  add  by  this 
modification,  it  is  apparently  not  so  good  as  when  a  solvent  is  used. 

The  Mechanism  of  the  Reaction. — ^The  formation  of  dichloro-acetic 
add  from  trichloro-acetic  add  and  copper  involves  the  shifting  of  a  hy- 
drogen atom  from  its  labile  or  ionizable  position  in  the  carboxyl  group 
to  a  position  of  great  stabiUty  when  joined  to  the  methane  carbon  atom  as 
in  dichloro-acetic  add,  which  raises  an  interesting  question  as  to  the  mech- 
anism by  which  this  change  takes  place.  In  fairly  recent  years  copper 
has  been  used  extensively  as  a  condensing  agent,  particularly  by  Ullmann.** 
In  some  cases  the  action  is  apparently  simply  the  removal  of  halogen  atoms 
as  in  the  Wiirtz  or  Fittig  reaction;  thus,  with  copper  powder,  iodoben- 
zene  gives  diphenyl  at  230**,  and  bromobenzene  with  ethyl  chloro-acetate 
gives  ethyl  phenyl-acetate  at  180-200°.  In  other  cases  the  action  of  copper 
powder  appears  to  be  catalytic,  as  in  the  reaction  of  t7-chloro-benzoic 
add  with  glycocoll  to  form  phenylglycine-t?-carboxylic  add,  which  is 
greatly  accelerated  by  the  addition  of  a  very  minute  amoimt  of  copper 
powder.  The  results  obtained  in  the  present  investigation  appear  to 
us  to  be  somewhat  suggestive  in  this  connection. 

»  WaUach,  Ann.,  173,  288  (1874).    Pucher,  Ref.  14. 

"UUman,  Ber.,  34,  2174,  3802  (1901);    36,  2383  (1903);  37,  863  (1904);    38, 

729,  2120  (1906);   39,  1691,  2211  (1906);   Ann.,  332,  38  (1904);  350,  83  (1906).    See 

J.  B.  Cohen,  "Organic  Chemistry,"  Edward  Arnold,  Part  I,  p.  199. 
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When  trichloro-acetic  add  acted  on  copper  in  benzene  solution  a  per- 
fectly clear,  dark  green  solution  was  obtained  after  filtering  from  the  in- 
soluble copper  salts.  After  a  short  time  a  dark  green  amorphous  pre- 
cipitate separated  from  the  benzene  solution.  After  filtering  again,  a 
dark  green,  perfectly  dear  solution  was  again  obtained,  from  which  the 
dark  green  amorphous  solid  soon  began  to  separate.  This  dark  green 
solid  substance,  although  separating  slowly  from  a  dear  benzene  solution, 
proved  to  be  totally  insoluble  in  benzene  after  it  had  once  precipitated. 
When  water  was  used  as  solvent  in  the  preparation  of  dichloro-acetic 
add,  the  copper  salt  obtained  after  evaporation  of  the  aqueous  solution 
was  also  insoluble  in  benzene.  Copper  dichloro-acetate,  prepared  from 
copper  oxide  and  pure  dichloro-acetic  acid,  is  also  almost  quantitatively 
insoluble  in  benzene.  It  appears,  therefore,  that  the  compound  which 
gives  the  dark  green  color  to  the  benzene  solution  cannot  be  copper  di- 
chloro-acetate, nor  can  it  be  a  chloride  of  copper,  for  both  cupric  and  cu- 
prous chlorides  are  insoluble  in  benzene.  It  seems  to  us  that  these  ob- 
servations may  be  satisfactorily  explained  as  follows.  Probably  the  re- 
action between  copper  and  trichlord-acetic  add  involves  the  formation 
of  a  rather  unstable  compotmd  having  the  composition  of  Formula  I 
CliC.COtH 

I 

Cu  C1,C.C0,H 

I  I 

CliC.COfH  CuCl 

I  II 

which  is  easily  soluble  in  benzene,  giving  a  dark  green  solution.  Cupric 
chloride  and  probably  cuprous  chloride  are  formed  at  the  same  time. 
The  organo-metallic  compound  may  then  react  in  two  ways, 

CljC.COtH  CUC.COjH 

I  .  I 

(Cl,CH.CO,),Cu     ^ —     Cu  -f  CuCl,  — ►  CljC.COiH  +  2CuCl 

I 
CliCCOiH 

or  possibly  the  initial  condensation  may  give  a  compound  similar  to  For- 
mula II,  two  molecules  of  which  may  then  eliminate  cuprous  chloride 
to  form  tetrachloro-succinic  acid,  or  cupric  chloride  to  form  copper  di- 
chloro-acetate. There  is  at  present  no  evidence  which  would  enable 
one  to  choose  between  these  possibilities.  On  either  supposition,  the 
relative  amounts  of  tetrachloro-succinic  acid  and  copper  dichloro- 
acetate  formed  would  depend  upon  the  relative  velodties  of  the  respective 
reactions,  which  would  doubtless  be  greatly  affected  by  temperature  and 
nattu-e  of  solvent.  While  the  evidence  at  present  available  is  not  suffi- 
cient to  warrant  more  than  a  suggestion,  it  does  seem  to  us  that  there  is 


Digitized  by  LjOOQ IC 


TRICHI.ORO-ACKTIC  ACID  AND  COPPER  643 

here  some  indication  as  to  the  possible  explanation  of  the  mechanism 
of  reactions  in  which  copper  powder  or  cuprous  chloride  is  used  as  a  con- 
densing agent,  not  only  those  of  the  type  mentioned  above,  but  also 
such  as  the  Sandmeyer  and  Gattermann  reactions  in  which  cuprous 
salts  and  copper  powder,  respectively,  are  used  with  diazonium  salts. 
The  analogy  to  the  latter  reactions  is  strengthened  by  the  fact  that  tri- 
cUoro-methyl  compounds  also  react  with  cuprous  chloride  in  presence 
of  aqueous  ammonia.^ 

So  far  as  we  are  aware,  no  compound  of  the  kind  suggested  has  ever 
been  described.  Cupric  and  cuprous  acetylides  are  indeed  examples  of 
copper  directly  linked  to  carbon,  and  their  instability  suggests  that  this 
linkage  is  generally  imstable  and  that  compoimds  of  this  type  may  be 
expected  to  undergo  decomposition  or  rearrangement  very  readily  to  form 
more  stable  compotmds.  It  is  to  be  expected,  however,  that  the  stability 
of  the  copper-carbon  linkage  would  be  greatly  affected  by  the  nature  of 
the  other  atoms  or  groups  which  are  joined  to  the  carbon  atom  to  which 
the  copper  atom  is  also  joined.  Thus  it  should  not  be  surprising  that  a 
carbon  atom  may  be  joined  to  negative  atoms  or  groups  in  such  a  manner 
as  to  make  the  combination  suflSciently  negative  to  form  a  more  or  less 
stable  linkage  with  copper,  although  such  combination  would  be  too  un- 
stable in  most  cases  to  permit  isolation  and  purification  of  the  compound. 
The  relative  ionization  constants  of  the  chlorinated  acetic  acids  and  of 
the  unsaturated  acids,  such  as  acetylene  dicarboxylic,  acrylic,  maleic 
and  fumaric,  furnish  indication  that  it  is  precisely  among  highly  chlorin- 
ated and  unsaturated  compounds  that  we  should  look  for  cases  of  rela- 
tively stable  linkage  between  copper  and  carbon.  The  acetylides  are  ex- 
amples of  copper  joined  to  carbon  which  is  joined  by  the  triple  linkage 
to  another  carbon  atom,  and  the  formation  of  copper  acetylides  is  limited 
to  compounds  containing  the  R— C  =  C— H  grouping,  where  copper  may 
replace  the  hydrogen  which  is  joined  to  a  triply  linked  carbon.  The  very 
great  strength  of  acetylene-dicarboxylic  acid,  as  compared  with  succinic 
and  maleic  acids  shows  the  great  negativity  of  the  acetylene  linkage. 
If  there  is  really  any  truth  in  the  explanation  which  we  offer  of  the  reaction 
of  copper  with  trichloro-acetic  add,  there  should  be  a  possibility  of  similar, 
and  probably  more  stable  compounds  of  copper  with  carbon  when  the 
carbon  atoms  are  contained  in  a  more  **negative"  grouping  than  that  rep- 
resented by  "trichloro-ethanoic  acid.*'  The  replacement  of  thecarboxyl 
group  of  this  acid  by  chlorine,  or  the  introduction  of  an  unsaturated 
linkage  in  place  of  the  carboxyl  group  and  a  chlorine  atom  would  be  in 
the  nature  of  such  increase  of  negativity,  and  it  is  precisely  in  such  cases 
that  we  haye  observed  the  formation  of  compounds,  as  yet  not  further 
investigated,  which  appear  to  support  our  assumption. 

When  carbon  tetrachloride  reacts  with  copper  in  presence  of  aqueous 
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ammonia,  one  of  the  reaction  products  is  a  dark  brown  precipitate,  in- 
soluble in  water,  aqueous  ammonia,  or  the  ordinary  organic  solvents. 
This  substance  was  washed  free  from  chlorides,  suspended  in  aqueous  am- 
monia through  which  air  was  aspirated  for  12  hours  to  remove  free  copper, 
and  then  washed  free  of  ammonia  and  dried  at  room  temperature.  As 
thus  obtained,  the  dark  brown  powder  dissolved  readily  in  hydrochloric 
acid,  forming  a  dark  maroon  solution,  which  became  somewhat  lighter 
in  color  on  addition  of  an  excess  of  ammonia,  but  showed  no  trace  of  blue, 
indicating  absence  of  copper  ions.  When  the  dark  brown  powder  was 
heated  in  a  dry  tube,  however,  water  was  given  off  and  a  black  residue 
remained  which  dissolved  readily  in  hydrochloric  acid  and  gave  abtmdant 
tests  for  copper.    The  substance  also  apparently  contains  nitrogen. 

In  a  previous  communication*^  a  color  test  for  tetrachloro-ethylene  was 
proposed,  based  upon  the  behavior  of  this  substance  with  copper  in  the 
presence  of  aqueous  ammonia.  It  was  shown  at  that  time  that  of  all  sub- 
stances tested  which  contain  the  trichloro-  or  tribromo-methyl  group, 
only  one,  benzotrichloride,  failed  to  bring  about  fairly  rapid  solution  of 
the  copper  to  form  the  characteristic  dark  blue  ammono-cupric  solution. 
On  the  other  hand,  substances  which  did  not  contain  this  trihalogen- 
methyl  group  did  fail  to  bring  about  solution  of  the  copper,  with  two 
notable  exceptions,  namely,  dichloro-acctic  add  and  tetrachloro-ethylene. 
The  former  contains,  to  be  sure,  only  two  chlorine  atoms  joined  to  the 
methane  carbon  atom,  but  there  is  in  addition  the  negative  carboxyl  group, 
so  that  dichloro-acetic  acid  would  be  expected  to  behave  in  this  respect 
somewhat  similarly  to  chloroform,  and  it  does.  Tetrachloro-ethylene 
contains  a  double  linkage  and  two  chlorine  atoms,  joined  to  the  methane 
carbon  and,  on  the  basis  outlined  above,  would  be  expected  to  behave 
somewhat  similarly  to  carbon  tetrachloride  in  respect  to  its  reaction  with 
copper,  and  the  experimental  verification  is  striking.  When  tetrachloro- 
ethylene  and  copper  are  brought  together  in  presence  of  aqueotis  ammonia 
there  is  evident  and  fairly  rapid  action,  but  no  blue  color  appears.  In- 
stead, copper  does  go  into  solution  slowly  forming  a  dark  maroon  solution 
and,  gradually,  a  dark  brown  precipitate.  After  tong  standing  (the  bottle 
was  set  aside  for  more  than  a  year)  the  solution  does  show  the  dark  blue 
color  characteristic  of  the  ammono-cupric  ion.  It  seems  probable  that 
in  this  case  there  is  the  formation  at  first  of  a  fairly  stable  organo-copper 
compound  from  which  the  copper  is  not  ionized,  which  subsequently  hy- 
drolyzes  or  rearranges  to  give  a  substance  which  does  give  cupric  ions. 
These  supposed  organo-copper  compoimds  will  be  investigated  as  soon  as 
circumstances  permit. 

The  reaction  of  ammonium  trichloro-acetate  with  copper  in  aqueous 
ammonia  has  not  so  far  yielded  satisfactory  results.  We  have  obtained 
WRcf.  1,  p.  2690. 
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a  small  amount  of  dichloro-acetic  acid,  sq>arated  and  identified  as  its 
aniline  salt,  showing  that  the  course  of  the  reaction  is  probably  similar 
to  that  when  ammonia  is  not  present,  but  it  is  evident  that  the  reaction 
is  more  complicated,  probably  by  reason  of  secondary  reactions  in  which 
ammonia  takes  part. 

Summary 

The  reactions  of  trichloro-acetic  acid  and  of  ethyl  trichloro-acetate 
with  copper  have  been  studied.  Diethyl  tetrachloro-sucdnate  has  been 
prepared  by  the  action  of  copper  with  ethyl  trichloro-acetat^.  It  boils 
at  156**  and  13  mm.  pressure.  Tetrachloro-succinic  acid  is  formed  in 
small  amount  by  the  action  of  copper  with  trichloro-acetic  acid  alone 
or  in  ether  solution.  The  acid  was  not  obtained  in  pure  condition.  Ani- 
line tetrachloro-sucdnate  was  obtained,  m.  p.  149-150**. 

Dichloro-acetic  acid  is  'formed  in  satisfactory  quantity  when  trichloro- 
acetic acid  reacts  with  copper  powder  in  benzene  or  aqueous  solution, 
and  this  reaction  is  recommended  as  a  means  of  preparation  of  dichloro- 
acetic  add  in  any  desired  quantity. 

Evidence  is  presented  from  which  it  seems  probable  that  these  reactions 
involve  the  formation  of  an  intermediate  relatively  unstable  compotmd 
in  which  copper  is  joined  directly  to  carbon,  and  that  the  course  of  the  re- 
action is  determined  by  the  manner  in  which  the  copper  is  eliminated  from 
this  intermediate  compound.  The  suggestion  is  made  that  the  action  of 
copper  as  a  condensing  agent,  as  used  by  UUmann,  Sandmeyer  and  Gatter- 
mann,  may  involve  the  formation  of  similar  intermediate  compounds. 
Amhsrst»  Massachusetts 
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It  has  recently  been  found  by  one  of  us^  that  nitrosyl  chloride  will  readily 
react  with  normal  heptane  in  the  sunlight,  a  reaction  which  is  apparently 
general  for  the  parafito  hydrocarbons.  From  a  preliminary  study  of  the 
products  it  was  assumed  that  dipropyl  ketone  is  the  chief  one,  but  no 
satisfactory  proof  was  given.  In  the  present  work,  we  have  repeated  the 
former  investigation  and  demonstrated  the  correctness  of  the  assumptions 
made  then  as  to  the  course  of  the  reaction. 

Since  hydrogen  chloride  is  developed  in  quantity,  the  assumption  was 
made  that  the  other  product  is  a  nitroso  compound.  All  representatives 
of  this  dass  are  known  to  possess  a  deep  blue  color;  hence  the  formation 
1  Lynn,  Tms  Journal,  41,  368  (1919). 
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of  this  color. in  the  present  reaction  seems  evidence  enough,  considering 
the  raw  materials  used.  The  disappearance  of  this  color  and  the  pre- 
cipitation of  a  yellow  oil  pointed  to  a  change  of  the  nitroso  compound 
to  an  oxime,  since  it  is  well  known  that  in  this  class  of  substances,  unless 
the  nitroso  group  is  connected  to  a  tertiary  carbon  atom,  there  is  an  un- 
varying tendency  to  rearrangement.  A  further  substantiation  of  this 
is  the  ready  hydrolysis  of  the  product  to  form  hydroxylamine  and  a  volatile 
substance,  a  characteristic  behavior  of  the  oximes.  We  may,  therefore, 
express  the  changes  as 

CyHi.  +  NOCl    — ►     C7Hi»N0  +  HCl 

CyHiiNO    — ►     CtHi4N0H 

CtHiiNOH  -f  HaO     — ►     CtHiZ)  +  NH,OH 

Ammonium  chloride  and  hydroxylamine  were  isolated  at  various  times 
as  products  of  the  reaction,  the  former  undoubtedly  being  a  decomposition 
product  of  the  latter  imder  the  conditions  of  the  experiment. 

The  volatile  product  was  isolated  in  larger  quantity  and  identified  as 
chiefly  -di-n-propyl  ketone,  the  other  components  being  probably  the 
remaining  ketones  from  normal  heptane.  Furthermore,  the  oxime  was 
purified  and  examined,  its  physical  constants  being  those  of  but)rronoxime. 

Experimental 

The  normal  heptane'  had  been  distilled  from  the  oleoresin  of  Pinus  Jeffreyi  and  was 
further  purified  by  shakmg  it  repeatedly  with  sulfuric  acid  and  a  subsequent  distillation 
over  sodium  hydroxide.  Pure  nitrosyl  chloride  was  easily  prepared  by  passing  the  gases 
from  the  reaction  of  sodium  nitrite  and  hydrochloric  acid  into  sulfuric  acid  and  gently 
heating  the  product  with  dry  sodium  chloride.  Crude  nitrosyl  chloride  was  made  by 
heating  a  mixture  of  4  volumes  of  hydrochloric  acid  and  1  volume  of  nitric  add,  the 
product  as  obtained  consisting  principally  of  nitrosyl  chloride  and  chlorine.  The  crude 
reagent  gave  the  same  reactions  with  heptane  as  did  the  pure,  so  that  it  was  of  no  ad- 
vantage to  use  the  first  method,  and  the  crude  mixture  with  chlorine  was  employed 
throughout. 

This  mixture  of  nitrosyl  chloride  and  chlorine  was  led  into  heptane 
until  the  latter  was  thoroughly  saturated,  as  indicated  by  a  very  dark 
red-brown  color.  The  solution  was  then  placed  directly  in  the  sunlight, 
the  result  being  an  immediate  evolution  of  large  quantites  of  hydrogen 
chloride  which  continued  for  about  one-half  hour.  Sometimes  samples 
appeared  to  be  boiling  vigorously.  Accompan5ring  the  evolution  of 
hydrogen  chloride  was  a  decided  color  change  from  orange  or  reddish- 
brown  to  green  or  blue,  the  shaide  depending  upon  the  degree  of  saturation; 
the  color  usually  obtained  with  highly  saturated  solutions  was  a  verdant  or 
emerald  green.  Also,  at  this  stage  minute  globules  of  an  oil,  usually  light 
brown  but  sometimes  dark,  made  their  appearance. 

After  the  reaction  had  proceeded  thus  far,  hydrogen  chloride  ceased 

*  Secured  through  the  courtesy  of  the  Wiscondn  Pharmaceutical  Bxperiment 
Station. 
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to  be  given  oflf  so  vigorously,  the  color  gradually  faded  to  either  lighter 
shades  of  green  or  Copenhagen  blue,  the  quantity  of  precipitated  oil 
increased,  and  finally  the  color  disappeared  entirely,  an  evident  sign  of 
complete  reaction.  The  heptane  was  then  sattu-ated,  as  previously 
described. 

The  resultant  oil,  light  colored  at  first,  rapidly  became  dark  reddish- 
brown.  It  remained  acid  in  reaction,  slowly  evolving  hydrogen  chloride 
and,  when  warm  or  at  ordinary  temperature,  precipitated  small  quantities 
of  feathery  aystals  of  ammonium  chloride,  but  when  cooler  a  mixture  of 
ammonium  chloride  and  hydroxylamine  hydrochloride  was  formed. 

When  214  g.  of  oil  had  been  collected,  a  portion  (81  g.)  was  neutralized 
with  barium  carbonate  to  free  it  from  hydrogen  chloride,  the  oil  was  ex- 
tracted with  chloroform,  and  the  chloroform  evaporated.  The  dark 
brown  oily  residue  was  subjected  to  fractional  distillation,  the  portions 
boiling  at  80**  to  140^  140**  to  180°,  and  180°  to  197°  bemg  coUected. 
During  the  last  part  of  the  process  because  c^  the  presence  of  a  small 
amotmt  of  free  hydrogen  chloride,  there  was  considerable  decomposition, 
accompanied  by  deposition  of  ammonium  chloride  and  much  foaming. 
In  spite  of  this,  the  third  fraction  was  comparatively  pure  butyronoxime, 
as  shown  by  the  physical  constants. 

Boilingpoint       Specific  gravity  Index  of  refraction 

Butyronoxime* 193  0.8924  (2074)  1 .4475  (20**) 

Third  Fraction 180-197  0 .9257  1 .444  (14 .5**) 

The  remaining  portion  of  the  oil  (133  g.)  was  distilled  with  steam,  a 
process  which  completely  hydrolyzed  the  oxime.  The  ketone  product  thus 
obtained  was  a  colorless  or  slightly  yellow  liquid  with  an  aromatic  odor, 
very  volatile,  comparatively  soluble  in  water,  and  with  a  burning  acrid 
taste.  It  was  dried  over  anhydrous  calcium  chloride*  and  fractionated 
twice,  giving  the  following  fractions:  up  to  130°,  12  cc.;  130-150°,  35  cc.; 
150-160°,  5  cc. ;  and  a  residue  of  5  cc.  Practically  all  of  the  second  fraction 
came  over  between  140°  and  150°.  The  physical  constants  of  this  fraction 
compared  with  those  of  dipropyl  ketone  are  as  follows. 

Boiling  pmnt  Specific  gravity  Index  of  refraction 

Di-«-propyl  ketone».      143.52        0.8210    (14.8714 .8)         1.40732(22°) 
Fraction2 140-150        0.83826(15.6715.6)         1.4125(14.5'*) 

This  shows  fairly  conclusively  that  the  main  portion  consists  of  di-«- 

propyl  ketone  with  the  probable  admixture  of  a  small  amount  of  its  isomers. 

This  was  further  identified  by  conversion  into  the  semicarbazone. 

*  Trapnensojanz,  Ber,,  26, 1433  (1893). 

*  Curiously,  calcium  chloride  is  soluble  in  cold  dipropyl  ketone,  but  very  slightly  in 
the  hot  substance. 

*  Louginine,  Ann.  Mm.,  [7]  13,331  (1898);  Perkin,  /.  Chem.  Soc.,  69, 1236  (1896); 
Bruhl.  /.  prakt,  Chem.,  [2]  SO,  141  (1894). 
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After  reciystallization  from  high-boiling  gasoline,  this  had  a  melting  point 
of  117^,  compared  with  123^  for  the  semicarbazone  from  synthetic  dipropyl 
ketone.  A  mixture  of  the  two  gave  approximately  the  same  melting  point. 
The  ketone  was  also  oxidized  with  potassium  dichromate  to  give  butyric 
and  propionic  acids.  The  oxidation  mixture  was  distilled  with  steam 
fractionally  and  the  fractions  analyzed  by  means  of  the  silver  salts  in  the 
usual  way.  The  results  show  the  presence  of  but3rric  add  in  the  first  and 
of  propionic  acid  in  the  later  fractions: 

Silver  butyrate:   Ag,  55.4;  silver  propionate:  Ag,  69.7;  oxidation  fractions;   Ag, 
54.34.  54.80,  57.82,  58.80. 

Since  the  results  were  obtained  but  slowly  at  best,  an  effort  was  made 
to  substitute  ultra- vicdet  rays  for  sunlight  and,  also,  to  increase  the  speed 
of  the  reaction  by  an  increase  in  temperature.  Repeated  trial  has  shown 
that  the  formation  of  nitroso  compound  (blue  color)  takes  place  under  the 
influence  of  sunlight,  at  temperatures  up  to  80®,  or  with  ultra-violet  light. 
For  some  reason,  however,  the  less  refrangible  rays  of  the  spectrum  are 
necessary  to  effect  final  conversion  of  the  nitroso  compound  into  the  oxime. 

Summary 
Nitrosyl  chloride  reacts  with  normal  heptane  in  the  sunlight  to  give 
di-n-propyl  nitroso-methane,  which  rearranges  to  form  dipropyl  ketoxime. 

(CH,CH,CHt)tCH,  +  NOCl    — ►     (CH,CH,CH,),CHNO  +  HCl 
(CH,CH,CH,)iCHNO        — >  (CH,CH,CH,),C=NOH 

Upon  distillation  with  steam  the  oxime  is  hydrolyzed  to  form  di-n-propyl 
ketone  and  hydroxylamine. 

(CH,CHaCH,)iC=NOH  +  H,0  — ►  (CH,CH,CH,),C=0  +  NH,OH 
There  is  no  record  in  the  literature  of  any  prodess  in  which  nitrosyl 
chloride  acts  upon  the  paraffin  hydrocarbons;  hence  this  reaction  furnishes 
an  entirely  new  line  of  investigation.  Since  petroleum  ether  and  gasoline 
behave  similarly  it  is  reasonable  to  suppose  that  the  reaction  is  general  for 
this  series  of  hydrocarbons.  Furthermore,  there  is  evety  reason  to  expect 
that  nitrosyl  chloride  will  react  in  the  same  way  with  other  compounds 
containing  an  alkyl  residue.  We  are  at  present  engaged  in  investigating 
the  action  on  toluene,  cymene,  etc.,  and  will  report  the  results  shortly. 

SBATTLB.  WASmNGTON 
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NOTES 
The  Reaction  between  5>w-Dichloro-dimethyl  Ether  and  Ethyl 
Malonate. — ^A  recent  paper  by  Kamm  and  Waldo,*  describes  the  con- 
densation of  i5,/9'-dichloro-diethyl  ether  with  ethyl  malonate,  yielding  a 
product  which  they  designate  4,4-dicarboxyethyl-tetrahydro-p)a-an.  This 
reaction  is  especially  interesting  in  view  of  a  similar  experiment  performed 
some  time  previous  by  the  writers.  In  attempting  to  prepare  the  lower 
homolog  containing  a  4-membered  oxygen  heterocyde  we  used  sym- 
dichloro-dimethyl  ether  and  the  sodium  salt  of  ethyl  malonate  under 
conditions  practically  identical  with  those  described  by  Kamm  and  Waldo. 
The  reaction  was  so  vigorous  that  cooling  was  necessary.  Although  the 
temperature  was  not  allowed  to  exceed  50**,  a  copious  separation  of  sodium 
chloride  occurred,  but  the  expected  2,2-dicarboxyethyl-trimeth)dene  oxide 
was  not  formed.  Instead,  we  obtained  from  160  g.  of  ethyl  malonate  50  g. 
of  an  oil  which  distilled  between  185°  and  190°  at  6  mm.  pressure,  and  re- 
covered 66  g.  of  unchanged  ethyl  malonate.  The  oil  was  identified  as 
ethyl  propane-l,l,3,3-tetracarboxylate. 

Subs.,  0.1469.  0.1629:   H,0,  0.1099,  0.1092;  CO,,  0.3281,  0.3253.    Calc.  forC,*- 
HmO,:  H,  7.28;  C.  64.16.    Found:  H,  7.40,  7.45;  C,  64.26,  54.45. 

Hydrolysis  of  this  ester,  followed  by  expulsion  of  carbon  dioxide  by 
heating  in  an  oil-bath  at  200®,  gave  a  crystalline  acid  with  melting  point 
97-98°  and  neutralization  equivalent  66.  These  constants  correspond  to 
those  of  glutaric  acid. 

Subs.,  0.2,  0.15:    H,0,  0.1102,  0.0834;  CO,,  0.3312,  0.2482.     Calc.  forCsHsO*: 
H.  6.06;  C,  46.45.    Found:  H,  6.12,  6.18;  C,  45.19,  45.13. 

The  alcohol  recovered  from  the  first  reaction  had  a  strong  ethereal  odor. 
By  repeated  fractionation  and  salting  out  with  calcium  chloride  we  obtained 
20  g.  of  an  ether  boiling  at  88-90  *',  d^t  0.862.  These  properties  identify 
the  substance  as  methylene  diethyl  ether. 

It  is  probable  that  in  this  condensation  the  sodium  reacts  as  sodium 
ethylate  and  not  as  the  sodium  salt  of  ethyl  malonate,  and  that  the  reaction 
occurs  in  three  stages  as  follows. 

1.  C1CH,0CH,C1  +  NaOC,H,  =  ClCH,OCH,OC,Hft  +  NaCl. 

2.  ClCHiOCHiOCH,  4-  NaOC,H,=C,H,OCH,OC«H5  +  CH,0  +  NaCl. 

3.  CH,0  +  2CH,(COOC,H,),  =  CH,[CH(COOC,Hs),),  -»-  H,0. 

The  third  stage  is  not  quantitative,  as  shown  by  the  recovery  of  ethyl 
malonate  and  the  strong  odor  of  formaldehyde.  The  reactions  indicated 
are  in  agreement  with  the  work  of  Kleber*  who  obtained  ethyl  propane- 
1,1,3,3-tetracarboxylate  from  monochloro-dimethyl  ether  and  the  sodium 
salt  of  ethyl  malonate.     Perkin'  also  obtained  the  same  product  from  tri- 

'  Kamm  and  Waldo,  Tms  Journal,  43, 2223  (1921). 
>  Kleber,  Ann.,  246, 107  (1888). 
» Perkin,  Ber„  19, 1054  (1886). 
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oxymethylene  and  ethyl  malonate  with  acetic  acid  as  a  condensing  agent, 
and  Knoevenagel*  obtained  it  from  40%  fonnaldehyde  and  ethyl  malonate 
in  the  presence  of  a  secondary  amine. 

Evidently  in  Kamm  and  Waldo's  i8,i8'-dichloro-diethyl  ether  the  ether 
linkage  is  very  much  more  stable  than  in  the  isomeric  a,a'-dichloro- 
diethyl  ether  or  the  lower  homolog,  5>w-dichloro-dimethyl  ether  which  is 
likewise  an  a-derivative. 

Arthur  W.  Dox  and  Lbstbr  Yodbr 

Dbpartmbnt  op  Chbmicai,  Rbsbarch 

(Papbr  No.  9) 

Parkb,  Davis  and  Company, 

Dbtroit,  Michigan 

Received  January  7,  1922 


Beta  Naphthol. — In  teaching  laboratory  courses  in  organic  chemistry, 
the  writer  has  the  conviction  that  not  enough  emphasis  is  being  placed  on 
the  reaction  in  which  an  aromatic  sulfonic  acid  is  converted  into  a  phenol 
by  fusion  of  the  sodium  salt  of  the  acid  with  sodium  hydroxide.  Lately, 
this  reaction  has  become  of  first  importance.  The  reaction  has  a 
wide  application,  and  for  that  reason  examples  of  it  should  be  in  our  courses. 
In  our  modem  laboratory  manuals  the  preparation  of  /3-naphthol  which  is 
one  of  the  simplest  and  most  readily  made  phenols,  is  either  left  out  or  is 
described  by  directions  that  will  not  )rield  the  substance  in  good  amount 
and  of  good  quality. 

In  working  with  the  preparation  of  the  sodium  salt  of  /9-naphthalene 
sulfonic  acid  and  its  conversion  to  /3-naphthol,  certain  observations  not 
specifically  mentioned  in  the  literature  have  been  made.  These  facts 
should  be  helpful  to  other  teachers  and  to  those  engaged  in  research  prob- 
lems involving  work  with  sulfonic  adds  and  phenols. 

After  sulfonation  of  an  aromatic  hydrocarbon,  the  usual  procedure  is  to 
neutralize  the  mixture  with  lime.  This  leaves  the  unsulfonated  hydro- 
carbon and  most  of  the  calcium  sulfate  undissolved.  On  filtration,  the 
filtrate  contains  the  soluble  calcium  sulfonate,  together  with  quite  a- little 
dissolved  calcium  sulfate.  The  latter  will  continue  to  crystallize  from  solu- 
tion for  at  least  several  days.*  The  filtrate  from  the  calcium  sulfate  con- 
tains the  calcium  sulfonate,  and  usually  this  solution  is  treated  directly 
with  a  solution  of  sodium  carbonate  until  the  calcium  is  all  precipitated  as 
the  normal  carbonate.  We  have  found  that  the  only  way  to  obtain  a 
satisfactory  precipitation  at  this  point  is  to  use  pure  anhydrous  sodium 
carbonate  from  a  freshly  opened  container.    The  use  of  the  hydrated 

*  Knoevenagel,  Ber,,  27,  2346  (1894). 

1  Namba,  /.  Soc,  Chem.  Ind.,  40,  28lT  (1921). 
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sodium  carbonate  alwa3rs  led  to  unsatisfactory  results.'  The  sodium  salt 
thus  formed  was  not  found  to  yield  /9-naphthol  on  fusion  with  sodium 
hydroxide.  All  preparations  of  hydrated  sodium  carbonate  available  to  us 
seemed  to  contain  considerable  bicarbonate.  This  formed  a  soluble  cal- 
cium hydrogen  carbonate  that  was  very  difficult  to  convert  to  the  normal 
carbonate.  Repeated  boiUngs  and  evaporations  did  not  completely  remove 
the  carbon  dioxide.  The  use  of  .pure  anhydrous  sodium  carbonate  gave  a 
product  that  was  completely  soluble  in  water  and  did  not  effervesce  when 
moistened  with  strong  mineral  add. 

In  the  conversion  of  the  sulfonate  into  the  phenol,  a  second  precaution 
necessary  for  the  success  of  the  reaction  is  a  fusion  in  the  absence  of  con- 
ditions that  can  oxidize  the  product  and  bring  about  a  decreased  yield. 
To  this  end,  iron  crucibles  are  avoided  and  commercial  hydrochloric 
add  is  not  used  in  the  recovery  of  the  product  of  the  fusion. 

We  have  found  the  following  to  be  the  best  conditions  for  the  laboratory 
preparation  of  jS-naphthol. 

In  a  75cc.  nickel  or  silver  crudble  fuse  30  g.  of  sodium  hydroxide  and  3  cc. 
of  water.  Heat  to  270**  and  add  10  g.  of  finely  pulverized  sodium  naph- 
thalene sulfonate  that  is  completely  soluble  in  water  and  shows  the  presence 
of  no  carbonates.'  Gradually  increase  the  temperature  of  the  contents  of 
the  crudble  to  315**.  There  is  a  tendency  toward  boiling  over  and  the 
mixture  requires  slow  heating.  In  about  20  minutes  after  the  sodium  salt 
has  been  added,  the  mixture  reaches  the  latter  temperature  where  it  is 
allowed  to  remain  for  about  3  minutes.  If  the  sodium  salt  is  quite  pure,  no 
marked  tendency  toward  boiling  over  will  be  observed.  After  fusion, 
pour  the  mixture  onto  a  cement  floor  or  table  top,  dissolve  in  water,  cool 
sUghtly  and  addify  strongly  with  chemically  pure  hydrochloric  add. 
Allow  the  mixture  to  stand  overnight,  filter,  wash  with  a  little  water  and 
allow  to  dry  in  the  funnd.  The  product  wiU  be  only  slightly  colored  and  on 
sublimation  will  yidd  beautiful  flakes  resembling  naphthalene.  The  above 
directions  have  been  used  repeatedly  in  our  classes  and  give  a  high  grade 
product  in  good  yidd.  Almost  all  such  fusions  give  lower  yidds  than  a 
calculation  calls  for,  but  by  watching  the  details  the  yield  can  be  increased. 

DSPARTMSNT  OF  ChBUISTRY,  Ci«ARBNCB    E.    MaY 

Indiana  Univbrsity, 
Bzxx>iaNGTON,  Indiana 

Received  Angust  0,  1021 

*  Our  attention  has  been  called  lately  to  the  fact  that  is  not  widely  known  perhaps, 
that  pure  anhydrous  sodium  carbonate  left  exposed  to  the  air  for  several  days  will 
absorb  carbon  dioxide  in  an  amount  su£5dent  for  the  conversion  of  20%  of  the  original 
carbonate  into  bicarbonate.  Sodium  carbonate  of  this  latter  quality  should  not  be  used 
in  converting  a  caldum  sulfonate  into  a  sodium  sulfonate. 

*  We  have  found  an  ordinary  army  rifle  shell  partly  filled  with  a  high  boiling  paraffin 
serves  well  as  a  protector  for  the  thermometer  bulb.  The  fused  sodium  hydroxide  dis- 
solves some  zinc  out  of  the  brass  shell  but  one  shell  has  been  used  for  more  than  50 

fusions  and  is  still  practically  unchanged.  ^T  _ 
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NEW  BOOKS. 

Victor  Meyer.  By  Ricraro  Msybr.  Akademische  Verlagsgesellschaft  m.  b.  H., 
Uipng,  1917.    XV  +  462  pp.     17  X  24.6  cm. 

The  book  is  divided  into  two  parts.  Part  1  deals  with  the  life,  and  Part 
2  with  the  work.  All  scientists  will  enjoy  reading  the  first  portion  because 
of  the  intimate  picture  it  gives  of  the  life  of  a  prominent  scientist,  and 
of  the  world  he  moved  in.  Organic  chemists  will  give  close  attention  to 
Part  2,  because  here  we  find  a  record  of  pioneer  work  in  organic  chemistry : 
the  nitro  compound  of  the  aliphatic  series,  the  hydroxylamines,  thiophene 
and  its  derivatives,  stereoisomerism,  etc.  The  physical  chemist  will 
also  read  with  interest  the  accoimt  of  Victor  Meyer's  method  of  determin- 
ing vapor  density,  and  his  researches  dealing  with  the  effect  of  high  tem- 
perature. 

Altogether  this  book  is  a  delight  to  the  lover  of  the  history  of  chemistry. 
Its  record  of  Meyer  who  held  chairs  of  chemistry  at  Zurich,  Gottingen 
and  Heidelberg,  and  who  was  the  intimate  friend  of  Bunsen,  Baeyer, 
Wallach,  Fischer,  Kekul^,  and  others,  is  well  worth  while. 

Benjamin  Harrow 

Chemie  der  Organischen  Farbgtof!e.  By  Dr.  Fritz  Maysr,  A.  O.  Hon.  Professor 
an  dcr  Universitat  Frankfurt  A.  M.  Julius  Springer,  Berlin,  1921.  VI  -h  267  pp. 
5  fig.    24.5  X  16  cm.    Price  M.  138;  bound,  M.  150. 

This  book  is  intended  to  take  the  place  of  R.  Nietzki's  ''Die  Chemie  dcr 
Organischen  Farbstoflfe"  which  has  been  out  of  print  for  some  years. 
It  is  not  an  exhaustive  treatise  to  be  used  solely  as  a  reference  book,  but  a 
readable  and  up-to-date  survey  of  the  chemistry  of  synthetic  and  natural 
dyestufFs.  The  author  has  succeeded  in  summarizing  in  a  relatively  small 
volume  the  most  interesting  and  essential  portions  of  a  very  large  and 
complex  subject.  The  treatment  follows  the  orthodox  lines:  color  and 
constitution,  dyeing  properties  and  coal  tar  refining  are  briefly  discussed  in 
the  introduction;  the  usual  classes  of  synthetic  dyes  are  next  considered 
and  a  final  chapter  on  nattu^  coloring  materials  (including  the  anthocyans) 
concludes  the  book.  The  whole  subject  is  presented  from  a  very  general 
point  of  view;  reference  is  made  not  only  to  recent  technical  advances 
but  also  to  the  results  of  certain  investigations  of  theoretical  interest,  such 
as  the  mechanism  of  the  coupling  reaction  of  diazonium  salts  and  the  struc- 
ttu-e  of  indigo.  The  book  will  be  of  value  both  to  the  advanced  student 
who  wishes  an  introduction  to  this  important  subject,  and  to  the  organic 
chemist  who  is  interested  in  the  modem  developments  in  this  field. 

jAiata  B.  CoNANT 
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VAPORIZATION  IN  STEPS  AS  RELATED  TO  SURFACE  FORMA- 
TION 
Seventh  Paper  on  the  Orientation  of  Molecules  in  Surfaces^ 

By  William  D.  Harkins  and  Lathrop  E.  Roberts 

Received  August  20,  1921 

Introduction 

That  the  process  of  vaporization  may  occur  in  steps  is  evident.  Thus, 
mechanical  forces  may  cause  a  liquid  to  spread  out  in  a  thin  layer,  or  may 
throw  it  out  into  sheets,  or  atomize  it  into  minute  drops.  Any  of  these 
processes  increases  the  proportion  of  the  liquid  in  the  surface,  and  since 
the  molecules  in  the  surface  are  more  nearly  in  the  vapor  state,  both  in  the 
sense  of  contiguity  and  of  the  energy  relations  involved,  than  those  inside 
the  Uquid,  surface  formation  may  be  considered  as  one  of  the  steps  in  the 
process  of  vaporization.  It  is  therefore  evident  that  a  part  of  the  energy 
necessary  for  vaporization  may  be  supplied  directly  in  the  mechanical  form. 

It  is  the  purpose  of  the  present  paper  to  consider  to  what  extent  the  dif- 
ferent steps  in  the  vaporization  of  a  Uquid  may  be  evaluated  in  terms  of 
energy.  At  all  temperatures  below  the  critical  point  all  molecules  which 
pass  from  the  interior  of  a  Uquid  into  the  vapor  must  pass  through  the 
surface,  so  the  principal  stages  in  the  process  of  vaporization  are,  first, 
stnface  formation,  and  second,  the  jumping  out  of  the  molecules  from  the 
surface  into  the  vapor.  The  energy  of  surface  formation  is  suppUed  partly 
*  Presented  in  a  seminar  at  the  University  of  Illinois  in  the  year  1918-19. 

Digitized  by  VjOOQ IC 


654  WILLIAM  D.  HARKINS  AND  LATHROP  K.  ROBERTS 

as  heat,  specified  as  the  latent  heat  of  surface  formation,  and  partly  in  the 
mechanic^  form  which  gives  rise  to  the  free  surface  energy. 

It  would  be  very  simple  to  determine  the  energy  values  for  the  steps 
listed  above  if  a  definite  amount  of  liquid,  as  that  corresponding  to  1  mol 
of  vapor,  coidd  first  be  drawn  from  the  interior  into  the  surface,  and  then 
vaporized.  However,  while  it  is  very  easy  to  do  this  for  the  total  change 
from  the  interior  of  the  liquid  to  the  vapor,  it  is  not  so  simple  in  the  steps 
in  which  the  surface  is  involved,  since  the  number  of  molecules  in  the  sur- 
face is  not  known.  However  the  work  of  Langmuir,*  and  of  Harkins  and 
his  coworkers  Clark,  King  and  Grafton,'  has  given  extensive  data  on  the 
number  of  molecules  in  surface  films  of  organic  substances  on  water  which 
should  enable  us  to  make  an  estimate  of  the  number  of  molecules  in  the  stir- 
face  of  a  pure  liquid  which,  presumably,  will  not  be  very  far  from  the  actual 
number.  When  this  is  done  it  becomes  possible  to  calculate  the  molar  latent 
heat  of  surface  formation  and  the  molar  free  surface  energy,  and  to  com- 
pare these  with  the  molar  heat  of  vaporization.  In  the  present  paper  these 
molar  values  will  be  divided  by  6.062  X  10*',  thus  converting  them  into  the 
mean  molecular  values. 

Calculation  of  the  Energy  Values  for  the  Vaporization  Steps 
In  estimating  the  number  of  molecules  per  square  centimeter  of  surface 
of  a  liquid,  the  corresponding  number  determined  in  surface  films  on, water 
may  first  be  considered.    These  are  listed  for  a  few  substances  taken  as 
examples,  in  Table  I. 

Tablb  I 

NUMBBR  OP  MOLSCUT^BS  IN  THB  "MONOMOLBCTTI^AR  Pilm"  ON  A  WaTBR  SuRFACB^'^ 

No.  atoms  No.  molecules 

Substance                    carbon  per  sq.  cm.XlO"** 

1.  Formic  acid 1  (1.7) 

2.  Acetic  acid 2  (2.0) 

3.  Propionic  acid 3  2 .6 

4   Butyric  add 4  2.8 

5.  Valeric  acid 5  (3.1) 

6.  Caproic  acid 6  (3.2) 

7.  Heptylic  acid 7  2.9 

8.  Nonylicadd 9  3.1 

9.  Decylic  add 10  3 .3 

10.  Palmitic  add 16  4.8 

11.  Stearic  acid 18  4.6 

12.  Ceroticadd 25  4.0 

13.  Octyl  alcohol 8  2 .9 

14.  Myricyl  alcohol 30  3.7 

16,  Propyl  formate 4  3.7 

'  The  results  listed  for  Compounds  10  to  15  in  Table  I,  were  obtained  by  Langmuir, 
This  Journal,  39,  1848-1906  (1917). 

'  The  results  for  Compounds  1  to  9  were  obtained  by  Harkins,  Clark  and  King  in 
the  years  1916  to  1919,  but  have  not  previously  been  published. 
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The  most  complete  data  which  have  been  collected  for  a  single  series  of 
compomids  are  those  for  the  adds  Usted  in  the  table.  The  results  which 
are  inclosed  in  parentheses  are  less  accm^te  than  the  others.  One  re- 
markable feature  of  the  values  is  that  the  larger  the  molecule,  until  the 
number  of  carbon  atoms  reaches  dose  to  16,  the  smaller  the  area  covered. 
This  is  evidently  because  the  attraction  between  the  molecules  in  the  sur- 
face film  increases  with  their  length.  Since  this  attraction  is  small  in  the 
case  of  the  shorter  molecules,  they  spread  out  more  over  the  surface  of 
the  water;  but  as  the  attraction  becomes  greater  they  are  held  together 
more  dosely  and  the  orientation  is  more  exact.  However,  if  it  were  not 
for  this  effect,  the  larger  molecules  would  be  expected  to  occupy  the  greater 
surface,  even  when  they  are  oriented,  since,  on  account  of  their  heat  motion, 
some  molecules  would  be  doubled  and  turned  out  of  their  regular  positions, 
which  would  increase  the  surface  occupied.  These  two  effects  result  in  the 
appearance  of  a  maximum  number  of  molecules  (minimmn  area  per  mole- 
cule) somewhere  near  16  carbon  atoms,  where  the  number  of  molecules  per 
square  centimeter  is  4.8  X  10**.  While  short  or  small  molecules  may  thus 
occupy  a  greater  area  on  water  by  spreading  out  somewhat  over  the  surface, 
this  is  not  possible  in  the  case  of  a  pure  liquid,  since,  if  the  outermost 
molecules  spread  out,  the  openings  thus  produced  are  filled  by  like  mole- 
cules, so  that  in  a  ptu'e  add  or  alcohol,  the  number  of  molecules  per  square 
centimeter  for  short  molecules  may  be  expected  to  be  as  high  as  or  even 
higher  than  the  maximum  Usted  above. 

While  the  molecules  in  the  surface  of  a  liquid  may  be  supposed  to  have  a 
random  arrangement  in  the  plane  of  the  surface  (with  an  orientation  with 
respect  to  the  perpendicular  to  the  plane),  a  simplifying  assumption  will 
be  introduced  for  purposes  of  calctilation.  This  is  that  the  number  of 
molecules  in  unit  area  of  the  surface  is  equal  to  the  two-thirds  power  of  the 
number  in  unit  volume.  While  the  orientation  of  the  molecules  in  the 
surface  would  cause  a  very  lack  of  space  symmetry  in  the  case  of  such  mole- 
cules as  those  of  palmitic,  stearic  and  cerotic  acids,  it  seems  evident  that 
there  are  many  cases  in  which  orientation  need  not  result  in  any  consider- 
able lack  of  symmetry  of  this  sort.  This  may  be  illustrated  most  easily  by 
the  use  of  an  analogy.  Suppose  a  sphere  to  consist  of  one  heavy  and  one 
light  hemisphere,  and  that  it  rests  upon  a  frictionless  plane.  It  is  evident 
that  it  would  orient  with  the  light  hemisphere  up,  but  that  the  space  sym- 
metry would  be  complete.  Most  of  the  molecules  listed  in  the  tables  of  this 
paper  are  not  of  the  type  which  would  be  expected  to  depart  widely  in  the 
sense  of  space  symmetry  with  respect  to  general  form,  though  it  need  not 
be  assumed  that  they  actually  take  on  a  spherical  form;  nor  need  it  be 
assumed  that  all  of  the  molecules  in  the  surface  lie  in  a  plane.  Some  mole- 
cules undoubtedly  lie  higher  in  the  surface  than  others,  and  the  former  will 
in  general  possess  more  surface  energy  of  the  potential  form.    The  energy 
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values  in  the  tables  are  intended  to  be  as  nearly  the  arithmetical  mean 
values  as  it  is  now  possible  to  determine  them.  That  the  assumption  used 
as  the  basis  for  the  calculation  is  of  value  will  be  seen  from  the  remarkable 
relations  which  emerge. 

At  20**  the  calculations  indicate  the  presence  of  4.2  X  10^*  molecules  of 
ethyl  alcohol  per  sq.  cm.,  while  the  results  on  films  of  alcohol  on  water  show 
that  when  the  film  is  closely  packed  the  number  of  molecules  is  very 
close  to  4.0  X  10**,  or  the  same  number  as  that  found  for  the  pure 
alcohol. 

Notation 

The  symbols  used  in  Table  II  have  the  following  significance. 

T  =  absolute  temperature. 

%   s  T/Tct  where  Tc  is  the  critical  temperature. 

r   =  surfacetensioninergspercm.,  or  free  surface  energy  in  ergs  per  sq.  cm. 

y    =  free  surface  energy  in  ergs  per  area  occupied  by  one  molecule. 

S   =  entropy  of  surface  in  ergs  per  degree  per  sq.  cm. 

s    —  entropy  of  surface  in  ergs  per  degree  per  constant  area  equal  to  the  area  occupied 

by  one  molecule  at  the  definite  temperature  specified. 
5'  ">  the  same  as  5  but  calailated  for  a  changing  area  equal  to  that  occupied  by  one 

molecule  at  the  different  temperatures,  internal  latent  heat  of  vaporization  in 

calories  per  gram. 

10*E 
T 

X  « 

d    s  density  of  liquid. 

n    s  number  of  molecules  per  cc.  of  liquid. 

Us  —  number  of  molecules  per  sq.  cm.  of  surface. 

/     ="  latent  heat  of  the  area  of  surface  occupied  by  one  molecule  in  10"**  ergs. 

e    »  total  surface  energy  of  same  area  or  the  surface  energy  per  molecule  in  10  ~'*  ergs. 

j    =  energy  changed  from  kinetic  to  potential  when  one  molecule  jumps  from  the 

surface  into  the  vapor  (in  10~"  ergs),  or  the  molecular  energy  of  thermal  emis- 

stoti. 
L  s  latent  heat  of  the  surface  per  sq.  cm. 
E  =  total  energy  of  the  surface  per  sq.  cm. 
A»-  «=  internal  latent  heat  of  vaporization  per  mol. 
X<  >"  mean  internal  latent  heat  of  vaporization  per  molecule. 

Defining  Equations 

e^y  +  I 

_  r 

ns 
ft 


Whittaker's  constant, 
molecular  capillary  constant. 


Digitized  by  LjOOQ IC 


VAPORIZATION  IN  STEPS  AND  SURFACE  FORMATION  659 

Table  II  C 
Energy  Values  for  the  Vaporization  in  Steps  op  Non-associated  Liquids  at 
Ordinary  Temperatures  (Energy  Values  in  Micri-ergs  10  ~'^  Ergs) 
T  T/Tc  d  fi.XlO-"     e  j  \  e/\ 


==« 

Car 

t)on  Tetracii 

londe7 

c  =  566 

255 

0.459 

1.659 

3.496 

18.5 

37.2 

55.66 

0.333 

273.1 

0.491 

1.632 

3.458 

18.0 

35.6 

53.58 

0.337 

298 

0.526 

1.585 

3.392 

17.1 

33.6 

50.72 

0.338 

308 

0.554 

1.560 

3.356 

16.4 

33.2 

49.57 

0.331 

328 

0.590 

1.525 

3.305 

16.6 

29.5 

46.12 

0.361 

■ 

Ethyl  Ether  Tc  =  467 

198 

0.424 

0.818 

3.552 

15.2 

36.4 

51.59 

0.295 

262 

0.541 

0.758 

3.376 

15.0 

30.3 

45.32 

0.332 

273.2 

0.585 

0.735 

3.307 

15.4 

37.5 

42.94 

0.358 

283.9 

0.607 

0.V23 

3.271 

12.7 

29.0 

41.71 

0.304 

298.3 

0.639 

0.707 

3.223 

12.8 

27.3 

40.05 

0.293 

302.5 

0.647 

0.703 

3.210 
Benzene  r 

11.8 
^  =  561 

27.8 
.5 

39.57 

0.298 

278.4 

0.496 

0.895 

3.64 

21.6 

33.3 

54.9 

0.393 

282.5 

0.503 

0.889 

3.63 

20.8 

33.5 

54.3 

0.382 

298.1 

0.531 

0.873 

3.58 

19.5 

33.3 

52.8 

0.369 

308.1 

0.549 

0.862 

3.55 

18.2 

33.5 

51.7 

0.353 

328 

0.585 

0.841 

3.49 

17.3 

32.2 

49.5 

0.350 

347.6 

0.619 

0.817 

3.43 

17.6 

29.7 

47.3 

0.373 

Chlorobenzene  Tc  =  \ 

363 

257 

0.406 

1.144 

3.362 

20.9 

48.8 

69.7 

0.299 

273 

0.431 

1.128 

3.33 

21.0 

46.9 

67.9 

0.310 

298 

0.471 

1.101 

3.28 

21.9 

43.2 

65.1 

0.336 

308 

0.486 

1.090 

3.26 

22.3 

41.6 

63.9 

0.349 

323 

0.510 

1.073 

3.22 

22.4 

39.8 

62.2 

0.360 

343.5 

0.543 

1.051 

3.18 

22.6 

37.3 

59.9 

0.378 

363 

0.574 

1.029 

3.13 

22.9 

35.9 

58.8 

0.390 

375 

0.592 

1.016 

3.11 

23.0 

33.3 

56.3 

0.409 

387.5 

0.612 

1.003 

3.08 

23.2 

31.7 

54.9 

0.423 

395 

0.624 

0.995 

3.07 

23.3 

30.7 

54.0 

0.431 

Ethyl  Acetate 

rc  =  . 

524 

213 

0.406 

0.999 

3.61 

18.4 

44.6 

63.0 

0.292 

243 

0.464 

0.961 

3.52 

18.7 

40.9 

59.7 

0.314 

273 

0.521 

0.924 

3.43 

17.7 

38.6 

56.4 

0.314 

303 

0.578 

0.887 

3.34 

16.0 

37.1 

53.1 

0.302 

333 

0.636 

0.847 

3.24 

14.7 

35.1 

49.8 

0.295 

Note  to  Table  II.  The  surface  tension  values  for  nitrogen  and  oxygen  are  those 
of  Baly  and  Donnan  [/.  Chem,  Soc,,  SI,  919  (1902)].  The  values  for  nitrogen  were 
calculated  by  Planck  [Physik.  Z.,  11,  642  (1910)]  from  results  by  Bestelmayer  and  Val- 
entin [Ann.  Physik,  15,  61  (1901)];  Baly  and  Donnan,  and  Alt.  [Sits.  Bayer.  Akad. 
Wiss.,  22, 529  (1903)  and  Physik.  Z.,  6, 346  (1903)]. 

The  values  for  the  internal  latent  heat  of  vaporization  of  oxygen  were  calculated 
by  the  writers  from  the  vapor-pressure  data  of  Rstreicher  [Phil.  Mag.,  [5  J  40, 454  (1895)  1 . 
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ibe  ooostsnts  oi  toe  Hertz  t^^ihitioii  were  oetenmoed  srspoiCAlly.     ibe  cqutioii  for 


T 

where  ii  is  a455.  iks  is  0.64S47,  and  At  is  392.84. 

The  vahxs  of  dp/dl  for  merctiry  were  obtained  from  the  eqnatioii  given  by  Mcnries: 

3276.6 
log  /^ -9.9073-0.65199  log  T — 

and  the  vahies  of  p  and  T  were  taken  from  Smith  and  Menzics  [Tbis  Journal.  32»  1412 
(1910)). 

In  the  case  of  carbon  tetradiloride  and  similar  other  hqnids,  use  was  made  of  the 
valnes  <d  the  latent  heat  of  vaporizatioo  caknlated  by  Mills  (Tbis  Jouknal,  32»  164 
(1910)1 .  However,  all  of  the  vahxs  of  the  latent  heat  of  vaporizatioo  used  in  Table  II C, 
were  cakmlated  by  the  writers. 

Table  II  as  given  above  is  a  condensed  oatUne  of  a  much  moce  elaborate 
table  calculated  by  the  writers,  and  contains  enough  data  to  iUtistrate  the 
characteristic  features  of  the  relations.  The  surface  tension  data  used  in 
Parts  A  and  B  are  those  of  Ramsay  and  Shields/  in  Part  C  those  of  Ja^er, 
and  the  vapOT-pressure  data  from  which  the  internal  heats  of  vaporization 
were  obtained,  are  those  of  Young,*  except  when  otherwise  specified. 
Practically  aU  of  the  experimental  data  cited  in  the  literature,  whidi 
give  the  variation  of  the  stuf ace  tension  of  liquids  with  the  temperature, 
were  plotted  and  carefuUy  compared.  These  were  largely  results  obtained  by 
Ramsay  and  Shields,  Morgan,  Jaeger,  Renard  and  Guye,  Walden,  and  those 
obtained  in  this  laboratory.  The  data  on  organic  liquids  as  obtained  by 
Ramsay  and  Shields  covered  on  the  whole  the  largest  temperature  range, 
and  were  mostly  in  moderately  good  agreement  vrith  our  own  data,  as  well 
as  those  of  Morgan,  though  they  are  in  general  about  3%  too  low  at  20^,  as 
is  shown  by  the  experimental  results  obtained  both  by  Ridiards  and  his 
coworkers,  and  by  the  workers  in  the  Chicago  laboratory.  If  the  results 
are  consistently  too  low  by  this  percentage,  the  latent  stnf  ace  heat  would 
not  be  all  in  error  on  this  account,  and  this  percentage  difference  in  the 
free  surface  energy  would  make  little  diflFerence  to  the  results  of  the  calcu- 
lations as  presented  in  Table  II. 

In  comparing  the  stniace  tension  data  of  Ja^^er,  as  given  in  Table  II C, 
with  those  of  Ramsey  and  Shields,  it  is  fotmd  that  the  distinguishing  fea- 
ture of  the  latter  is  that  the  surface  tension  for  unassociated  liquids  is  nearly 
always  found  to  be  a  linear  function  of  the  temperature,  while  the  stuf  ace- 
tension  data  obtained  by  Jaeger  are  nearly  always  such  as  to  show  cxm- 
siderable  curvature.  A  comparison  with  other  data  indicates  that  probably 
the  latter  are  too  highly  curved.  On  the  other  hand  those  of  Ramsay  and 
Shields  seem  to  be  considerably  more  linear  than  is  probable,  but  neverthe- 
less they  seem  to  be  in  better  agreement  with  the  other  data  than  those  of 

*  Ramsey  and  Shields,  Z.  pkysik.  Chem,,  12,  433  (1893). 

» Yomig,  Set.  Proc.  Roy.  DubHn  Soc.,  12,  374  (1910). 
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Ja^;er,  which  seem  to  show  considerable  irregularity.  Seemingly  Jaeger's 
method  is  better  designed  for  the  determination  of  smf ace  tension  at  high 
and  low  temperatures,  than  it  is  for  the  finding  of  temperature  coefficients. 

Ratio  of  the  Total  Surface  Energy  to  the  Latent  Heat 

of  Vaporization 

It  has  been  commonly  accepted  by  those  who  have  considered  at  all, 

the  connection  between  the  energy  of  surface  formation  and  the  heat  of 

vaporization,  that  the  relation  developed  by  Stefan*  in  1886  is  approxi- 


0.3      0.4        0.5        0.6        0.7        0.8        0.0 
Pig.  1. — Corresponding  temperature. 


1.0 


mately  correct.  Stefan  considers  that  the  work  of  carrying  a  molecule 
into  a  surface  is  one-half  of  the  energy  of  vaporization  (X).  It  seems 
evident  that  what  is  meant  by  Stefan  is  not  the  "work"  or  free  energy 
(y),  but  rather  the  mean  total  energy  required  to  carry  the  molecule 
•  Stefan,  Wied,  Ann.,  29,  655-66  (1896). 
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from  the  interior  of  the  liquid  to  the  surface  (e) .  However,  the  calculations 
presented  in  Table  II  are  not  at  all  in  agreement  with  the  relation  of 
Stefan,  since  they  indicate  that  the  ratio  of  the  molecular  total  surface  energy 
to  the  molecular  heat  of  vaporization  (e/\)  is  an  increasing  function  with 
increasing  corresponding  temperature,  since  the  molecular  surface  energy 
remains  nearly  constant  until  the  critical  temperature  is  approached,  that  is 
until  the  corresponding  temperature  rises  nearly  to  i.oo,  while  the  molecular  heat 
of  vaporization  decreases  very  rapidly  with  increasing  temperature.  (See  Fig.  1.) 
Thus  in  the  sense  of  the  relative  amounts  of  energy  involved  a  molecule 
which  is  in  the  surface  of  a  liquid  at  a  high  temperature  has  passed  much 
more  nearly  into  the  vapor  than  when  the  temperature  is  low.  While 
this  is  true  in  general,  the  details  involved  necessitate  considerable  dis- 
cussion, and  this  will  be  presented  in  a  somewhat  elementary  form  in  the 
following  paragraphs. 

In  considering  the  surface  energy  relations  involved,  the  surface  energy 
per  square  centimeter  (£),  instead  of  the  molecular  value  (e)  will  be  con- 
sidered first.  It  has  been  shown  by  Jaeger^  that  there  are  three  types  of 
curves  which  represent  the  relation  between  the  free  surface  energy 
(r,  plotted  on  the  Y  axis)  and  the  temperature  (plotted  on  the  X  axis). 
These  are  (1),  concave,  (3)  convex  to  the  temperture  axis,  and  (2)  which  is 
a  straight  line.  Harkins,  Davies  and  Clark*  showed  that  corresponding 
to  these  there  are  three  curves  representing  the  total  surface  energy,  (1) 
rising  to  a  maximum  near  the  critical  temperature,  (2)  remaining  constant 
till  the  critical  temperature  is  approached,  and  (3)  constantly  decreasing. 
All  of  these  decrease  rapidly  near  the  critical  temperature  and  come  to  zero 
at  the  critical  temperature;  and  this  is  also  the  case  with  the  ciu^e  which 
would  represent  the  latent  heat  of  vaporization.  Only  when  the  total 
energy  curve  has  the  form  (3)  would  it  be  possible  that  the  Stefan  relation 
should  hold,  and  even  in  this  case  it  would  probably  never  happen  that 
the  curve  would  have  the  precise  form  essential  for  this  purpose.  While  it 
is  true  that  for  the  data  now  available  Type  3  is  the  most  common,  it  may 
nevertheless  be  seen  from  the  table  that  the  total  siuiace  energy  does  not 
decrease  so  rapidly  as  the  latent  heat  of  vaporization,  so  the  ratio  E/Ai 
increases  with  the  temperature. 

The  Molecular  Total  Surface  Energy 

The  molecular  total  surface  energy  (e)  is  very  nearly  constant  at  low 
temperatures  (curve  of  Type  2)  in  the  case  of  the  nonassociated  liquids 
listed  in  Table  II  A,  B  (see  Fig.  2)  though  there  is  little  doubt  that  in  some 
instances  it  rises  to  a  maximum,  and  then  falls,  as  the  temperature  increases. 
Quite  a  number  of  substances  which  show  this  characteristic,  have  been 

'  Jaeger,  Verslag.  Akad.  Wetenschappen  Amsterdam,  23, 416-30  (1914). 
»  Harkins.  Davies  and  Clark,  This  Journal,  30, 551-86  (1917). 
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investigated  by  Jaeger,  and  acetic  acid  is  shown  by  Table  II  B  to  belong 
to  this  class.  The  data  for  the  alcohols  indicate  that  the  molecular  surface 
energy  rises  rapidly  as  the  critical  temperature  is  approached,  reaching 
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Fig.  2. — Corresponding  temperature. 
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maximtmi  dose  to  0.9,  and  then  falls  still  more  rapidly  (Fig.  3).  If  this  is 
true  it  may  be  explained  as  the  result  of  the  heat  motion  of  the  molecules, 
which,  as  the  temperature  increases,  more  and  more  overcomes  the  orienta- 
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tion  in  the  surface  of  these  tmsymmetrical  molecules,  thus  throwing  the 
polar  end  of  the  molecules  into  the  surface*  thereby  increasing  the  surface 
energy.  However,  as  the  critical  temperature  is  approached  still  more 
closely,  the  vapor  begins  to  increase  rapidly  in  density,  and  the  drop  in 
the  intensity  of  the  electromagnetic  stray  field  which  occurs  at  the  surface 
is  thus  lessened,  so  the  stuf  ace  energy  again  decreases. 

The  vertical  position  of  the  ctu-ves  in  Pigs.  2  and  3  is  based  upon  the 
assumption  that  the  surface  film  is  monomolecular.  There  is  much 
evidence,  both  that  presented  by  Langmuir  and  that  secured  in  this  lab- 
oratory, that  this  is  true  at  a  corresponding  temperature  of  0.5.  At  the 
critical  temperature,  however,  the  film  has  thickened  so  greatly  that  it 
has  swallowed  up  both  the  liquid  and  the  vapor  phases.  The  form  of  the 
curve  for  the  total  surface  energy  depends  upon  how  rapidly  the  film 
thickens  as  the  corresponding  temperattu'e  approaches  unity,  but  it  seems 
likely  that  the  greatest  part  of  the  thickening  occurs  very  dose  to  the 
critical  temperature,  especially  as  the  linear  character  of  the  curve  rep- 
resenting free  stuf  ace  energy  commonly  persists  to  corresponding  tem- 
peratures somewhat  above  0.9.  However,  the  vertical  position  of  the  e 
curves  at  temperattu-es  above  0.8  should  be  considered  doubtful,  and  in 
Pigs.  2  and  3  it  seems  practical^  rtain  that  the  extreme  right  hand 
end  of  these  curves  should  all  b  owered  somewhat  from  the  positions 
which  they  occupy.  The  position  and  shape  of  the  right  end  of  these 
curves  in  the  diagram  are  also  indications  that  possibly  they  shotdd  turn 
downward  a  Uttle  to  the  left  of  the  actual  point  of  inflection,  since  the  e 
curves  can  never  rise  above  those  for  X;,  and  must  come  to  zero  when 
u  rises  to  unity.  However,  this  change  would  not  alter  the  general  features 
of  the  relationships  involved,  and  it  is  believed  by  the  writers  that  these 
are  well  represented  by  the  figures.  It  would  have  been  possible,  of  course, 
to  have  made  an  allowance  for  this  factor  in  drawing  the  curves,  and  this 
possibility  was  carefully  considered;  but  on  account  of  the  uncertainty 
in  regard  to  the  temperature  at  which  the  thickening  of  the  film  becomes  of 
importance,  it  was  decided  to  draw  the  figures  so  that  they  would  give  a 
more  direct  representation  of  the  experimental  results,  and  to  point  out 
the  direction  in  which  they  will  tmdoubtedly  be  modified  by  later  work. 

Molecular  Symmetry,  and  the  Orientation  of  the  Molecules 
in  Surfaces  as  Related  to  the  Ratio  of  the  Surface  Energy 
to  the  Heat  of  Vaporization  (e/\i) 

The  earlier  papers  of  this  series  have  shown  that  when  a  molecule  con- 
sists of  a  polar  group,  such  as  OH,  NH2,  COOH,  CONHj,  CN,  etc.,  at  one 
end  of  the  chain,  and  a  slightly  polar  group,  such  as  a  hydrocarbon  chain, 
its  action  with  respect  to  the  energy  changes  on  passing  into  the  surface 
may  be  predicted  by  the  use  of  a  model  which  consists  of  a  heavy  weight 
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at  one  end  while  the  other  end  is  made  from  some  light  material.    This 

model  may  be  represented  by  the  S3rmbol o,  in  which    o   represents 

weight.  When  a  molecule  of  this  class  is  raised  into  the  surface  it  is  only 
the  "light"  end  which  is  lifted,  so  the  surface  energy  (e)  is  relatively  small, 
while  when  the  molecule  jiunps  out  of  the  surface  the  "heavy"  end  must  be 
lifted  out,  so  the  "jiunping-out  energy"  or  the  energy  of  thermal  emission 
(/)  is  relatively  large.  As  an  example  of  this  latter  type  of  molecule  we  may 
choose  that  of  ethyl  alcohol.  In  the  case  of  a  symmetrical  molecule, 
such  as  that  of  carbon  tetrachloride,  it  is  to  be  expected  that  the  energy 
of  surface  formation  and  that  of  thermal  emission  from  the  surface  will  be 
very  much  more  nearly  the  same.  It  will  be  shown  later  that  it  is  essential 
that  different  Uquids  shall  be  compared  at  the  same  corresponding  tem- 
peratures. 

For  convenience  the  energy  imit  for  use  in  the  present  paper  will  be  taken 
as  10""^*  erg.  In  order  to  prevent  the  frequent  use  of  the  negative  expo- 
nent this  unit  will  be  specified  as  a  micri-erg.  A  micro-erg  is  a  millionth  of 
an  erg,  and  the  new  unit  is  one  hundred  million  times  smaller  than  this. 
The  term  micri-erg  has  no  philological  justification,  but  the  Greek  terms 
which  would  be  justified  in  this  sense  are  considerably  more  awkward  for 
common  use.*  too  • , 

At  a  corresponding  temperature  eq^I  >to  0.743  the  mean  amount  of 
energy  required  to  carry  a  molecule  of  carbon  tetrachloride  from  the 
interior  of  the  liquid  into  the  surface  is  18.0  micri-ergs,  while  the  energy 
of  thermal  emission  or  that  used  up  in  causing  it  to  jump  out  of  the  surface 
into  the  vapor  is  almost  the  same,  or  19.4  micri-ergs.  If  instead  of  this 
very  symmetrical  molecule  we  consider  the  molecule  of  ethyl  alcohol,  which 
is  very  unsjrmmetrical  with  reference  to  the  electrical  forces  arotmd  it, 
it  is  found  that  the  energy  (e)  required  to  carry  the  molecule  into  the  surface 
is  only  about  one-half  as  great,  or  11.7  micri-ergs,  while  the  jumping-out 
energy  or  energy  of  thermal  emission  is  more  than  doubled,  and  has  the 
remarkably  high  value  43.8  micri-ergs.  The  energy  of  thermal  emission 
for  the  alcohol  is  thus  four  times  the  energy  of  surface  formation,  while  in  the 
symmetrical  carbon  tetrachloride,  the  two  are  almost  equal. 

The  corresponding  values  for  the  methyl  alcohol  molecule  are  almost 
exactly  the  same  as  those  for  ethyl  alcohol,  while  those  for  benzene  are 
nearly  the  same  as  those  for  carbon  tetrachloride.  If  we  assume  that  the 
ratio  e/j  may  be  used  as  an  index  of  the  symmetry  of  the  molecules  in  the 
surface,  then  the  values  are  such  as  to  indicate  that  in  this  sense  the  benzene 
molecule  is  slightly  less  symmetrical  than  that  of  carbon  tetrachloride,  which 
is  exactly  what  would  be  expected  from  the  formulas.  The  values  of  the 
ratio  e/j  for  a  number  of  different  types  of  molecules  are  given  in  Table  III. 
'  The  distinction  between  micro  and  micri  may  be  easily  preserved  if  the  final  i  in 
the  latter  is  pronounced  as  a  long  i. 
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Instead  of  plotting  the  values  of  ^/;,  which  would  be  somewhat  more 
striking  with  respect  to  the  relations  disclosed,  it  seemed  better  from  other 
standpoints  to  plot  el\  as  has  been  done  in  Pig.  3.    This  ratio  has  already 

been  discussed  to  some  extent.    Since  ^/X  is  equal  to it  is  evident 

^  +  / 
that  if  the  value  of  ej]  increases  with  increasing  S3rmmetry  of  the  molecule, 
then  that  for  ^/X  will  also  increase,  though  not  so  markedly.  Table 
III  gives  13  liquids  arranged  in  the  increasing  order  of  el\,  which  according 
to  the  preceding  discussion  should  on  the  whole  be  that  of  increasing  sym- 
metry of  the  molecules  in  the  smface. 

Tabids  III 
LiQums  Arrangbd  in  thb  Ordbk  of  thb  Ratio  op  thb  Ensrgy  Nbcbssary  to  Carry 

A  MOLBCITLE  INTO  THB  SXTRFACB  TO  ThaT  RBQUIRBD  FOR  COMPI^TB  VAPORIZATION, 

AND  PRBSUMABLY  IN  teDBR  OF  INCRBASING  SyMMBTRT  IN  THB  SURFACB 

(CORRBSPONDING  TbmPBRATURB  «  0.7) 

Molecule  */\  e/j 

Class  1 

1.  Methyl  alcohol H>4  0.191 

2.  Ethyl  alcohol S.186  0.228 

Class  2 

3.  Water cei  0.282  0.372 

4.  Acetic  acid •     ,^  |^ 0.336  0.474 

Class  3 

5.  Ethyl  acetate 0.397  0.606 

6.  Methyl  formate 0.402  0.618 

7.  Chlorobenzene 0.417  0.714 

9.  Ethyl  ether 0.423  0.667 

10.  Benzene 0.441  0.711 

11.  Carbon  tetrachloride 0.462  0.742 

Class  4 

12.  Oxygen 0.497  0.872 

13.  Nitrogen 0.614  0.927 

Class  5 

14.  Mercury 0.636  1 .41 

The  important  feature  of  this  table  is  that  the  arrangement  is  not  only 
such  as  to  group  chemically  similar  substances  together,  but  also  that  it 
actually  gives  the  expected  order  of  increasing  symmetry  of  the  molecules 
with  reference  to  the  forces  around  them.  This  is  shown  both  by  the 
arrangement  of  the  classes  of  substances,  and  by  the  arrangement  of  the 
substances  in  the  classes.  Thus  in  Class  3,  the  order  ethyl  acetate,  methyl 
formate,  chlorobenzene,  ethyl  ether,  benzene,  and  carbon  tetrachloride, 
is  very  plainly  that  of  increasing  S3rmmetry  of  the  forces  around  the  mole- 
cule. Minor  variations  might  easily  be  caused  by  small  errors  in  the  data, 
or  by  errors  in  the  determination  of  the  number  of  molecules  in  the  surface. 
However,  Table  III  proves  that  these  errors  are  not  sufficient  to  obscure 
the  general  relationships. 
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As  has  already  been  stated,  Stefan's  **law"  states  that  the  energy  of 
surface  formation  is  equal  to  half  the  energy  of  vaporization,  but  it  was 
shown  that  instead  of  being  constant,  the  ratio  is  an  increasing  function 
with  increasing  temperature.  Table  III  and  Fig.  1  indicate  that  this  ratio 
is  also  an  increasing  function  with  increasing  S3anmetry  of  the  molecules. 
It  may  be  seen  in  Table  II  that  at  a  corresponding  temperature  of  0.7, 
the  different  Uquids  are  from  0.16  to  0.64  vaporized,  in  terms  of  energy. 
At  lower  temperatiu"es  all  of  these  values  decrease,  while  at  higher  temper- 
atures they  increase,  this  increase  being  very  rapid  as  the  critical  tempera- 
ture is  approached.  The  curves  in  Fig.  1  seem  to  have  a  form  such  as  to 
indicate  that  the  ratio  ef\  approaches  its  maximum  1.00  at  the  critical 
temperature,  which  would  mean  that  at  temperatiu-es  very  shghtly  below 
this  nearly  all  of  the  energy  is  utilized  in  carrying  the  molecules  from  the 
body  of  the  liquid  into  the  surface,  and  that  the  energy  of  thermal  emission 
from  the  surface  is  very  small.  Thus  these  curves  seem  to  have  the  same 
general  form  in  approaching  the  critical  temperature,  which  is  the  Umit 
for  the  existence  of  the  liquid  as  is  found  for  the  specific  heat  curves  when 
they  approach  the  absolute  i.^^,  d  of  temperature,  which  is  thv  Umit  for 
the  existence  of  heat.  The  experimental  determination  of  either  curve 
near  its  limit  is  in  either  case  a  matter  of  extreme  difficulty. 

The  Energy  of  Thermal  Emission  of  a  Molecule  from  the  Surface 

of  a  Liquid 

The  energy  of  thermal  emission  0)  of  a  molecule  from  the  surface  of 
a  liquid  into  the  vapor,  has  values  ranging  from  about  4  to  50  micri-ergs 
at  corresponding  temperattu'es  between  0.4  and  0.98,  in  the  case  of  the 
liquids  listed  in  Table  II.  In  all  cases  the  value  decreases  very  rapidly 
as  the  temperature  increases.  The  variation  with  the  temperature  is 
very  much  the  same  as  that  of  the  molecular  free  surface  energy,  except 
that  as  the  critical  temperature  is  approached  closely  the  free  surface  energy 
decreases  more  slowly  while  the  energy  of  emission  decreases  more  rapidly. 
In  the  case  of  chlorobenzene  the  value  for  the  latter  decreases  by  11.2 
micri-ergs  between  0.68  and  0.84  as  the  corresponding  temperatiu-es,  but 
this  decrease  is  nearly  linear,  while  the  increase  of  the  free  surface  energy  is 
almost  exactly  linear,  and  the  value  of  the  molecular  surface  energy  is 
nearly  constant  at  20.5  micri-ergs.  In  general  the  curve  for  /  is  sUghtly 
concave  toward  the  tr  axis,  but  usually  not  so  much  so  as  the  curve  for  X, 
as  may  be  seen  in  Fig.  3. 

As  has  already  been  pointed  out,  the  energy  of  thermal  emission  is 
particularly  high  in  the  case  of  molecules  of  the  polar-nonpolar  t3rpe, 
such  as  the  alcohols,  which  are  highly  polar  at  one  end  and  ''non-polar" 
at  the  other.  This  should  be  true  also  of  the  amines,  nitriles,  etc.  Its 
value  is  larger  for  the  alcohols  than  for  water.     While  the  total  energy 


Digitized  by  VjOOQ IC 


668  WIUAAM  D.  HARKINS  AND  LATHROP  B.  ROBERTS 

necessary  to  carry  a  moleaile  of  mercury  into  a  surface  is  about  four  times 
as  high  as  that  required  for  an  ethyl  alcohol  molecule  at  the  same  corre- 
sponding temperature,  the  energy  of  thermal  emission  is  only  slightly  higher 
for  the  former.  The  value  for  acetic  add  is  very  much  lower,  which  is 
partially  accounted  for  by  the  fact  that  the  vapor  of  this  substance  is  some- 
what associated.  The  total  surface  energy  is  increased  very  little,  and  the 
energy  of  thermal  emission,  considerably,  when  one  atom  of  chlorine  is 
substituted  for  hydrogen  in  benzene,  as  would  be  expected  from  the  orien- 
tation theory. 

The  Surface  Energy  Constant 
If  the  ratio  ^/X,-,  which  increases  rapidly  with  a  rise  of  the  corresponding 

temperatiu"e,  is  multiplied  by  the  ratio  d^^^/u,  the  product is  found 

X,u 

to  be  nearly  constant  for  nonassodated  liquids  and  seems  to  be  very  nearly 

constant  over  a  moderate  range  in  the  case  of  water.    It  rises  rapidly  with 

the  temperatiu^  in  the  case  of  the  uns3anmetrical  molecules  of  the  alcohols. 

The  value  for  merciuy  is  very  high.    Whittaker's  constant,  given  in  Col. 

7  of  Table  II  applies  to  the  large  scale  properties  of  the  substances,  and 

varies  in  about  the  same  way. 

Summary 
1.  This  paper  gives  the  amount  of  energy  involved  in  the  various  steps  in 
the  process  of  vaporization,  based  upon  the  assumption  that  the  surface 
through  which  the  vaporization  occurs  is  not  highly  ciurved.  The  unit  of 
energy  used  is  the  micri-ergt  defined  as  10""^*  erg.  The  relations  found  at  a 
corresponding  temperature  equal  to  0.7  are  summarized  in  brief  in  Table  IV. 

Table  IV 
Molecular  Energy  Values  (in  Micri-ergs)  for  the  Vaporization  of  LiQums  at  a 
Corresponding  Temperature  Equal  to  0.7 
Liquid  Te  y  I  e  j  \i 

1.  Non-associated      Molecular  =  "QJ 

Nitrogen 127  1.51  2.33  3.84  4.8  8.7 

Oxygen 154.2  2.24  2.26  4.50  6.1  10.8 

Ethyl  ether 467.5  4.0  11.7  16.6  20.9  36.6 

(Ethyl  acetate) (624)  (4.6)  (13.7)  (18.3)  (27,7)  (46.0) 

Carbon  tetrachloride....  656  4,7  13.6  18.2  22.0  40.2 

Benzene 561.5  4.8  13.7  18.4  23.3  41.7 

Chlorobenzene 633  6.3  15.0  20.3  28.6  48.8 

2.  Associated 

Methyl  alcohol 613  2.8  5.7  8.5  43.1        61.6 

Ethylalcohol 616.1        3.6  7.7  11.2  48.1        60.3 

(4.4)        (12.6)       (16.9)        (20.4)      (37.3) 

The  data  indicate  that  at  a  definite  corresponding  temperature ^  in  the  case 
of  non-associated  liquids  whose  molecides  are  symmetrica^  the  molecular 
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values  for  the  latent  heat  of  surface  formation  (/),  the  total  surface  energy 
{e),  the  energy  of  thermal  emission  (j),  and  the  internal  latent  heat  of  vaporiza- 
tion (Xi)  are  nearly  proportional  to  the  critical  temperatures  of  the  liquids. 
The  same  relation  seems  to  hold  for  the  free  surface  energy  (7)  provided 
the  temperature  range  is  not  too  great.  Thus  the  free  surface  energy  of 
ethyl  ether  at  a  corresponding  temperature  of  0.7  is  4.0  as  calculated  from 
the  value  for  carbon  tetrachloride,  and  3.9,  as  calculated  from  the  value  for 
chlorobenzene,  while  the  experimental  value  is  4.0.  This  statement  as 
applied  to  the  latent  heat  of  vaporization  alone,  is  somewhat  similar  to 
Trouton's  law,  which  is  known  to  be  not  entirely  exact.  Since  the  principle 
expressed  above  is  much  more  general  in  its  application,  it  is  to  be  expected 
that  it  will  prove  to  be  somewhat  less  exact.  That  the  energy  values  for 
ether  in  Table  IV  are  lower  than  those  for  carbon  tetrachloride  is  related 
to  the  lower  critical  temperatiwe  of  the  ether. 

2.  The  effect  of  a  lack  of  symmetry  in  the  molecule,  especially  when  marked, 
is  to  lower  the  molecular  free  surface  energy,  latent  heat  of  surface  formation, 
and  total  surface  energy,  and  to  increase  the  energy  of  thermal  emission.  The 
values  given  in  parentheses  imder  those  for  ethyl  alcohol,  are  those  cal- 
culated from  the  critical  temperature  imder  the  assumption  of  a  sym- 
metrical molecule,  using  the  values  for  carbon  tetrachloride  as  a  basis. 
It  is  evident  that  the  molecular  free  surface  energy,  and  total  surface 
energy,  and  more  markedly  the  latent  heat  of  surface  formation,  are 
considerably  lowered  by  the  dissymmetry  of  the  molecule.  The  most 
striking  effect  is,  however,  the  very  great  increase  in  the  energy  of  thermal 
emission.  The  symmetry  referred  to  in  this  discussion  is  that  of  the  electro- 
magnetic forces  around  the  molecule,  rather  than  a  symmetry  with  respect 
to  mass.  The  substitution  of  the  slightly  polar  chlorine  atom  for  hydrogen 
in  benzene  gives  almost  exactly  the  calculated  value  for  a  symmetrical 
molecule  except  in  the  case  of  the  thermal  emission  (j),  which  is  con- 
siderably increased,  since  it  is  the  most  sensitive  of  all  of  the  quantities  to 
changes  of  molecular  S3anmetry.  Since  e  is  decreased,  and  /  increased  by 
increasing  dissymmetry  of  the  molecule,  the  ratio  e/j  serves  as  a  remarkably 
sensitive  index  of  molecular  symmetry.    This  is  illustrated  in  Table  III. 

The  related  ratio  e/\,  which  is  equal  to  ,  varies  in  the  same  way, 

e  +  j 

but  not  so  greatly. 

3.  According  to  **Stefan*s  law"  the  ratio  of  the  total  energy  necessary 

to  carry  a  molecule  from  the  interior  of  a  liquid  into  the  surface  to  its  total 

heat  or  energy  of  vaporization  (e/\)  is  equal  to  V2.     That  this  is  not  the 

case  is  easily  seen  by  a  reference  to  Tables  II  and  III,  and  Fig.  1.     Not 

only  is  this  an  increasing  function  with  increasing  symmetry  of  the  mole- 

^e,  but  also  with  increasing  corresponding  temperature.     Its  value  seems 

to  approach  imity  as  the  corresponding  temperature  approaches  imity. 
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Thus  a  molecule  in  the  siuiace  at  a  high  corresponding  temperature  is,  in 
terms  of  relative  energy,  very  much  more  nearly  in  the  vapor  phase  than 
when  the  corresponding  temperature  is  low. 

4.  The  relations  discussed  in  Paragraphs  1  and  2  of  the  summary  are 
just  those  indicated  by  the  theory  that  molecules  in  the  surface  are  oriented, 
the  orientation  increasing  with  increasing  dissymmetry,  and  decreasing  with 
increasing  thermal  agitation  of  the  molecules.  The  effect  of  thermal  agi- 
tation is  illustrated  in  the  case  of  the  alcohols;  compounds  of  the  polar- 
nonpolar  t3rpe.  Pig.  3  indicates  that  for  these  compounds  the  molecular 
surface  energy  increases  with  the  temperature.  The  effect  of  increased 
agitation  is  to  overcome  the  orientation  partly,  and  to  throw  the  more 
polar  groups  into  the  outer  stuface,  thus  increasing  the  surface  energy. 
Chicago,  Illinois 
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I 

The  ionic  relationships  in  relatively  concentrated  solutions  of  mixed 
strong  electrolytes  have  been  studied  especially  by  Smith^  and  his  students, 
who  have  shown  that,  as  the  total  concentration  of  a  salt  mixture  of  equiva- 
lent amounts  of  two  salts  increases,  the  ion  fraction  of  one  of  the  metallic 
constituents  gains  on  the  ion  fraction  of  the  other.  Recently  Kendall' 
has  attacked  the  problem  of  "complex  formation"  between  solute  and  sol- 
vent. 

n.    Conductivity  of  Concentrated  Solutions 

When  such  salts  as  sodium  and  potassium  chlorides  are  mixed  in  solu- 
tion such  equilibria  as  the  following  may  be  set  up. 

KQ  5=4  K+  -h  CI-    NaCl  ^=fc  Na+  -|-  Q" 
KCl  -I-  CI-  4-  Na+  5=i  KCl,"  -|-  Na+  ^=^  NaKClj 
NaCl  +  CI-  +  K+  ?=s  NaCli-  +  K+  5=^  KNaCli 
The  formation  of  such  molecular  or  ion  complexes  in  solution,  causing 
the  gain  of  one  ion  fraction  on  another^  in  a  salt  mixture,  shotdd  decrease 
the  conductivity  of  such  a  solution  of  mixed  salts.    Thus  the  conduc- 
tivity of  an  equimolar  solution  of  sodium  and  potassium  chlorides  of  a 

>  G.  McP.  Smith.  Am,  Chem.  J„  37,  506  (1907).  Smith  and  Ball,  Tms  Journal, 
39,  179  (1917).  Smith  and  Braley.  ibid,,  40,  1802  (1918).  Wells  and  Smith,  ibid., 
42,  185  (1920). 

s  Kendall,  ibid.,  39, 2328  (1917);  43, 1416  (1921); 43, 1426  (1921). 

*  Noyes  and  Falk  have  suggested  the  existence  of  SrCU  etc..  in  solution  from  the 
results  of  transference  experiments.    Ibid.,  33, 1455  (1911). 
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total  concentration  of  one  equivalent  per  liter  should  be  less  than  that 
calculated  from  the  conductivities  of  solutions  of  the  pure  salts  each  at 
the  same  concentration  as  the  above  total  concentration.  From  the 
isohydric  principle  we  should  expect  the  values  obtained  in  these  two 
ways  to  be  the  same.  The  strongest  experimental  support  of  this  prin- 
ciple has  been  derived  from  conductivity  studies  although  other  proper- 
ties have  been  studied  in  connection  with  it.  The  writer  has  studied  the 
heats  of  dilution*  of  mixed  salt  solutions,  finding  that  they  deviated 
from  values  calculated  on  the  basis  of  this  principle.  Bender,*  from  a 
study  of  expansion  coefficients,  concluded  that  on  mixing  salt  solutions 
these  coefficients  are  not  the  arithmetical  mean  but  that  the  concentra- 
tion can  be  so  adjusted  as  to  give  this  value.  Such  solutions,  having 
the  same  expansion  coefficients,  he  termed  "corresponding  solutions.** 
Doroshevskii  and  Dvorzhanshik*  besides  studying  the  conductivities 
of  dilute  mixed  salt  solutions,  found  that  the  refractive  indexes  of  the 
very  dilute  solutions  of  salts  of  sodium  and  potassium  with  the  same  anion 
were  identical. 

For  dilute  solutions  the  effect  of  complex  formation  on  the  conductivity 
may  be  expected  to  be  very  small;  in  fact  for  a  total  concentration  of 
0.1  AT,  the  upper  limit  for  a  majority  of  conductivity  studies,  Smith ^ 
postulates  equal  ion  fractions  of  Na"*"  and  K+  in  an  equimolar  mixture 
of  soditun  and  potassium  chlorides.  The  effect  should  vary  with  varying 
total  concentrations.  The  value  of  this  effect  on  conductivity  may  be 
expected  to  be  small,  however,  for  such  ions  as  NaCU"*,  KClj"",  NajCls", 
KsCla",^  etc.,  will  be  highly  polar  particles  and,  indeed,  may  well  be  of  such 
a  nature  as  to  respond  easily  to  the  "parting  effect**  of  a  weak  electrical 
field,*  even  though  this  field  alternates  in  sign  periodically. 

*  Steam  and  Smith,  This  Journai.,  42,  18  (1920).  Smith,  Stearn  and  Schneider, 
ibid.,  42,  32  (1920). 

»  Bender,  Wied.  Ann.,  27,  179  (1884). 

•  Doroshevskii  and  Dvorzhanshik,  J.  Russ.  Phys.  Chem.  Soc,  45, 1174  (1913), 

^  We  should  expect  to  find  sodium  the  more  "noble"  metal  in  the  anion  according 
to  the  usual  theory  of  complex  ions,  which  would  mean  that,  as  the  total  concentration 
of  an  equimolar  NaCl  +  KCl  solution  increased,  the  potassium-ion  fraction  should  gain 
on  the  sodium-ion  fraction.  As  a  matter  of  fact,  however,  Smith  [This  Journal, 
35, 39  (1913)1  and  Smith  and  Ball  [ibid.,  39, 179  (1917)1  have  shown  from  a  study  of  the 
heterogeneous  equilibria  between  aqueous  and  metallic  solutions,  that  as  the  total 
concentration  increases,  the  sodium-ion  fraction  actually  gains  on  the  potassium-ion 
fraction.  No  generally  satisfactory  explanation  as  to  the  cause  of  this  seeming  anomaly, 
which  indicates  a  preponderance  of  complex  anions  containing  potassium  instead  of 
sodium,  seems  to  have  been  offered. 

» Cf.  Harkins.  Proc.  Nat.  Acad.  Set.,  6, 601  (1920).  He  suggests  that  for  the  degree 
of  dissociation  or  ionization  different  measurements,  giving  different  results  on  the  same 
solution,  should  be  interpreted  in  different  ways.  Thus  NalOs  in  solution  may  be  100% 
ionized  (meaning  merely  100%  polarized),  85%  electrolytically  dissociated  (f.  «.,  86%  of 
^  molecules  have  their  polar  parts  far  enough  apart  to  respond  to  an  electric  field 
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The  effect  of  complex  formation  on  conductivity  may  be  further  de- 
creased by  probable  ion  dehydration.  Thus  the  value  of  the  hydration 
of  the  chlorine  ion  at  infinite  dilution  given  by  Smith*  is  9  and  for  the 
potassium  ion  it  is  9.6.  At  higher  concentrations  these  values  will,  of 
course,  be  smaller,  but  at  any  concentration,  if  m  is  the  ntunber  of  mole- 
cules of  water  of  hydration  of  the  chlorine  ion  and  n  the  number  for  the 
potassium  ion,  then  to  obtain  the  fullest  possible  effect  of  complex  ion 
formation  on  conductivity  we  should  require  a  hydration  of  at  least 
2nt  +  n  molecules  of  water  for  a  KCU""  ion.  This,  however,  is  highly  im- 
probable, and  thus  any  dehydration  would  tend  to  increase  the  mobility 
of  the  complex  and  mask  the  effect  of  complex  formation  on  the  conduc- 
tivity. 

By  definition,  equivalent  conductivity  (A)  is  the  reciprocal  of  the 
resistance  of  a  quantity  of  solution  containing  one  equivalent  of  electrolyte, 
measured  between  parallel  electrodes  1  cm.  apart.  In  practically  all  the 
determinations  made  up  to  this  time  the  solutions  studied  have  been  made 
up  by  volume  and  thus  any  mass  effect  of  the  solvent  has  been  neglected. 
In  the  case  of  dilute  solutions  the  values  obtained  for  volume-normal 
or  weight-normaP®  will  not  differ  appreciably,  but  in  the  case  of  concen- 
trated solutions  the  mol  fraction  of  one  salt  in  a  volume-normal  solution 
will  not  be  the  same  as  that  of  any  other  salt  at  equivalent-volume  nor- 
mality, and  any  volume  change  on  mixing  solutions  would  interfere  with 
the  comparability  of  results.  Previous  work  on  concentrated  solutions 
of  mixed  dectrolytes*^  has  not  taken  this  into  account,  and  the  dif- 
ference between  the  observed  and  calculated  values  for  these  solutions  has 
been  assumed  to  be  due  to  experimental  error  as  it  has  not  been  consist- 
ently of  the  same  sign.  For  these  reasons,  in  this  work  the  equivalent 
conductivities  of  weight-normal  solutions  were  measured  and  the  specific 
gravities  of  the  same  solutions  determined  by  pycnometer.  In  this  way 
any  mass  effect  of  the  solvent  was  constant  and  any  volume  changes 
on  mixing  solutions  have  no  effect  on  the  comparability  of  the 
results. 

With  such  solutions,  then,  we  may  look  for  some  effect  which,  even 
though^  as  pointed  out  above,  we  may  expect  to  be  small,  should  be  con- 
sistent in  sign,  and  may  be  expected  to  increase  with  increasing  total 
concentration  and  become  distinctly  measurable  at  higher  concentrations. 
Those  up  to  4  iV  were  used  in  this  work. 

or  potential  gradient  as  ''free"  ions  in  contradistinction  to  "bound"  ions),  while  perhaps 
oniy  68%  is  thermodynamically  dissociated. 

»  Smith,  This  Journai,,  37,  722  (1916). 

^  I\  e.,  one  equivalent  of  solute  per  1000  g.  or  55.5  formula  weights  of  HiO. 

^»  MacGregor»  Proc.  Royal  Soc.  Canada,  \2]  4, 117  (1898).  MacGregor,  Archibald, 
Mcintosh  and  McKay,  Trans.  Nova  Scotia  Inst.  Set.,  9  and  10  (1895-99). 
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Materials 

Salts. — The  salts  used  were  the  chlorides,  bromides  and  iodides  of  sodium  and  po- 
tassium, c.  p.  salts  were  recrystallized  once,  and  dried  at  about  200°.  Before  using, 
each  was  heated  until  decrepitation  ceased. 

Solutions. — ^The  chloride  solutions  could  be  made  up  by  weighing  proper  quan- 
tities of  salts  and  water.  The  bromides  and  iodides  were  too  hygroscopic  for  this, 
and  so  a  large  quantity  of  the  4  N  and  of  the  N  solutions  of  the  pure  salts  was  made  up 
by  weighing  the  previously  heated  salt  from  a  stoppered  bottle  and  adding  the  proper 
iBveight  of  water.  The  solutions  of  mixed  salts  and  other  concentrations  of  the  pure  salts 
'were  made  by  mixing  weighed  quantities  of  these  solutions  with  the  proper  weighed  quan- 
tities of  water. 

Conductivity  Water. — The  most  dilute  solution  studied  was  0.1  N  and  its  spe- 
cific conductivity  is  comparatively  high.  Nevertheless,  conductivity  water  was  prepared 
by  the  usual  method  of  distilling  the  ordinary  distilled  water  from  alkaline  permanganate 
and  then  from  very  dil.  sulfuric  acid  and  condensing  by  means  of  block  tin  or  silica 
condensers.  Both  kinds  were  used.  All  the  water  used  had  a  specific  conductivity 
between  1  X  10-«and2  X  10"«mhos. 

Apparatus  and  Procedure 

The  usual  conductivity  apparatus  was  employed.  It  consisted  of  a  Kohlrausch  bridge 
with  extension  coils,  a  5-dial  Ciu*tis-coil  resistance,  a  constant-speed  high-frequency 
generator  and  tunable  telephone."  Kohlrausch  cells  were  used,  varying  in  constant 
from  about  7  to  about  50  for  the  more  concentrated  solutions.  Some  of  the  work  was 
done  with  a  cell  having  adjustable  electrodes  and  the  same  solution  thus  run  in  a  series 
of  "cells."  The  cell  constants  were  determined  with  a  normal  solution  of  pure  potassium 
chloride.  The  capacities  of  the  cells  were  balanced  by  variable  air  condensers  across 
the  terminals  of  the  resistance. 

The  specific  conductivities  of  the  solutions  were  measured  at  25°  =*=0.02°,  and  from 
the  determined  specific  gravities  the  volumes  containing  one  gram-equivalent  of  solute 
were  calculated  and  the  equivalent  conductivity  thus  obtained. 

The  solutions  used  were  those  of  sodium  and  potassium  chlorides  and  mixed  chlo- 
rides m  the  molecular  proportions  2NaCl :  KCl.  NaCl :  KCl,  and  NaCl :  2KC1,  with  total 
equivalent  concentrations  of  0.1  N,  0.25  N,  0.5  N,  1  N,2  N,  and  4  N.  The  same  con- 
centrations of  bromides  and  iodides  were  also  run,  except  that  3  N  solutions  were  also 
included. 

Results 

Table  I  gives  the  equivalent  conductivities,  A,  for  the  chlorides,  bro- 
mides and  iodides,  respectively.  For  the  mixed  salts  the  calculated  and 
observed  values  are  both  given  and  also  their  difference.  With  the  for- 
mation of  complexes  the  observed  value  should  be  less  than  that  calcu- 
lated on  the  basis  of  the  isohydric  principle  and  the  differences  in  this 
direction  are  called  positive,  in  the  other  direction  are  called  negative. 
They  are  termed  AA. 

Table  II  gives  the  values  of  the  specific  gravities  of  the  various  solu- 
tions employed.  They  are  referred  to  water  at  4®  and  corrected  for  the 
buoyancy  of  air. 

"  All  furnished  by  the  Leeds  and  Northrup  Company. 
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Table  II 

Specific  Gravities 

Solutions  of  pure  sodium  halide 


Cone. 

N 

Chloride 

Bromide 

Iodide 

4.00 

1.1357 

1.2707 

1.3856 

3.00 

1.2084 

1 .3012 

2.00 

1.0710 

1.1424 

1.2058 

1.00 

1.0363 

1.0724 

1.1061 

0.50 

1.0172 

1.0350 

1.0520 

0.25 

1.0073 

1.0160 

1.0243 

0.10 

1.0012 

1.0042 

1 .0105 

Solutions  of  pure  potassium  halide 

4.00 

1.1513 

1.2792 

1.3890 

3.00 

1.2191 

1.3063 

2.00 

1.0806 

1.1497 

1.2107 

1.00 

1.0410 

1.0764 

1.1092 

0.50 

1 .0197 

1.0375 

1.0540 

0.25 

1.0087 

1.0172 

1.0254 

0.10 

1.0017 

1.0054 

1.0108 

Solutions  containing  two  mols  of  sodium  to  one  mol  of  potassium  halide 

4.00  1.1413  1.2722  1.3867 

3.00  ....  1.2107  1.3012 

2.00  1.0747  1.1443  1.2059 

1.00  1.0378  1.0731  1.1054 

0.50  1.0180  1.0353  1.0523 

0.26  1.0079  1.0161  1.0244 

0.10  1.0015  1.0045  1.0106 
Solutions  containing  one  mol  of  sodium  to  one  mol  of  potassium  halide 

4.00  1.1437  1.2743  1.3864 

3.00  ....  1.2144  1.3029 

2.00  1.0767  1.1461  1.2083 

1.00  1.0384  1.0740  1.1072 

0.50  1.0185  1.0358  1.0526 

0.25  1.0081  1.0165  1.0248 

0.10  1.0014  1.0048  1.0106 
Solutions  containing  one  mol  of  sodium  to  two  mols  of  potassium  halide 

4.00  1.1459  1.2770  1.3889 

3.00  ....  1.2167  1.3068 

2.00  1.0780  1.1476  1.2103 

1.00  1.0394  1.0754  1.1084 

0.50  1.0188  1.0370  1.0535 

0.25  1.0082  1.0168  1.0253 

0.10  1.0015  1.0048  1.0106 

Table  III  gives  values  of  AA  per  100  mhos  conductivity  at  the  dif- 
ferent concentrations. 

The  3  curves  are  plotted  from  data  taken  from  Table  V.  The  effect 
is  small,  even  at  the  higher  concentrations,  but  with  the  exception  of  the 
more  dilute  solutions  its  sign  is  consistently  positive  and  it  increases 
fairly  consistently  with  the  concentration.     If  the  totals  in  the  above  table 
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TablB  III 

AA 

AA 

AA 

Cone. 

Chlorides 

Bromides 

Iodides 

N 

2Nb:K 

Na:K 

Na:2K 

2Na:K 

Na:K 

Na:2K 

2Na:K 

Na:K 

Na:2K: 

0.10 

-0.11 

0.10 

0.16 

-0.10 

-0.05 

-0.16 

-0.08 

-0.12 

0.00 

0.25 

0.35 

0.33 

0.10 

0.27 

0.28 

0.13 

0.29 

0.47 

0.08 

0.60 

0.12 

0.33 

0.23 

0.60 

0.45 

0.11 

0.40 

0.35 

0.25 

1.00 

0.66 

0.24 

0.36 

0.53 

0.60 

0.40 

0.53 

0.63 

0.31 

2.00 

0.78 

0.76 

0.60 

0.47 

0.57 

0.38 

0.70 

0.58 

0.62 

3.00 

. , 

1.10 

0.99 

0.79 

1.01 

0.79 

0.68 

4.00 

1.33 

1.46 

1.07 

1.87 

1.18 

1.20 

1.00 

1.00 

1.38 

Totals 

3.13 

3.21 

2.62 

4.74 

4.02 

2.85 

3.85 

3.70 

3.22 

be  taken  to  represent  the  tendency  toward  complex  formation,  Table 
IV  shows  the  evident  tendency  toward  complex  formation  for  the  dif- 
ferent metal  ratios  and  also  for  the  different  halides. 

Table  IV 

2Na:K  Na:K  Na:2K  Chlorides        Bromides         Iodides* 

11.72  10.93  8.59  8.86  8.73  8.29 

•  The  values  for  the  3.00  N  solutions  of  the  bromides  and  iodides  are  omitted  from 
these  last  three  totals  in  order  to  compare  them  wich  the  chlorides. 

The  first  three  figures  in  this  table  are  easily  explained  on  the  basis 
of  the  results  obtained  by  Smith  and  his  students  who  have  found  that 
it  is  the  potassium  which  has  the  greater  tendency  to  go  into  the  anion. 
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Fig.  1. — Concentrations  plotted  as  abscissas  and  values  of 
AA  plotted  as  ordinates.  These  curves  are  plotted  from  data 
in  Table  IV  for  the  iodides.  Curve  I  represents  the  molec- 
ular mixture  2NaI:KI;  Curve  II,  NalrKI;  and  Curve  III, 
NaI:2KI. 

Thus  we  should  expect  the  mass  effect  of  the  sodium  to  be  significant 
and  this  indeed  seems  to  be  the  case.  The  last  three  figures,  however, 
indicate  a  decreasing  tendency  toward  complex  formation  as  we  go  from 
chlorides  to  iodides,  whereas  the  opposite  tendency  has  been  shown  to 
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hold.^*  In  an  attempt  to  account  for  this  seeming  anomaly  the  viscosi- 
ties of  some  of  the  more  concentrated  solutions  of  the  chlorides  and  io- 
dides were  measured.  The  relative  viscosities  of  these  solutions  are  given  in 
Table  VII.  They  were  run  at  25  ^,  and  compared  to  water  at  the  same  tem- 
perature. A  Washburn  viscosimeter  was  used,  but  as  the  total  time  of  flow 
was  only  from  28  seconds  to  as  low  as  17  seconds  for  certain  of  the  heavier 
solutions  of  low  viscosity,  the  values  are  only  approximate.  They  do 
indicate,  however,  that  the  positive  values  of  AA  obtained  are  not  due 
merely  to  an  increase  in  viscosity  on  mixing  salt  solutions,  .as  in  most 
cases  there  is  an  actual  decrease.  This  decrease,  however,  seems  greater 
for  chlorides  than  for  iodides,  though  of  coiu^e  the  actual  viscosities  are 
much  greater  in  case  of  the  former.  And  this  difference,  instead  of  ex- 
plaining the  above  mentioned  anomaly,  tends  quantitatively  to  augment  it. 

Table  V 
Viscosities 

Solution  4.00  AT  2.00  AT  1.00  iV 

NaCl 1.443  1.142  1.050 

2NaCl:KCl 1.257  1.088  1.023 

NaCl:KCl 1.219  1.061  1.014 

NaCl:2KCl 1.140  1.034  0.997 

KCl 1063  0.988  0.971 

Nal 1.244  1.071  1.022 

2NaI:KI 1.147  1.020  0.998 

NalrKI 1.097  0.999  0.984 

NaI:2KI 1.058  0.979  0.985 

KI 0.987  0.937  0.944 

There  seems  to  be  "some  other  tendency  superimposed  upon  complex- 
ion formation  to  make  this  progression  go  the  wrong  way,"  and  at  present 
this  is  unexplained,  though  it  is  hoped  that  the  results  of  some  work  now 
in  progress  at  the  University  of  Illinois  on  transference  in  mixed  salt  so- 
lutions may  throw  some  light  on  the  matter.  The  atomic  volumes  of 
the  three  halogens  are  not  far  apart  and  relatively  larger  velocities  of 
iodide  complexes  may  result  from  relatively  greater  dehydration  tendency 
than  with  the  bromides  or  iodides. 

Summary 

1.  Equivalent  conductivities  of  solutions  of  the  halides  of  sodium  and 
potassium  of  var3dng  weight  normal  concentrations  were  determined 
at  25°. 

2.  The  observed  values  for  the  mixed  salt  solutions  were  compared 
witii  those  calculated  from  the  values  for  the  pure  salt  solutions  at  equiva- 
lent total  concentrations  on  the  basis  of  the  isohydric  principle. 

3.  The  difference  between  the  calculated  and  the    observed  values 
"  Wells  and  Smith,  This  Journal,  42,  185  (1920). 
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were  found  to  be  positive  and  to  increase  with  total  salt  concentration,  ynth 
the  numerical  value  of  the  ratio  of  sodium  to  potassium  salt  in  the  mix- 
ture, but  to  decrease  generally  as  one  goes  from  chlorides  to  iodides. 

4.  In  general  the  results  can  be  explained  on  the  basis  of  complex 
formation,  though  at  present  no  explanation  is  offered  for  the  seeming 
decrease  in  complex  formation  proceeding  from  chlorides  to  iodides. 

5.  Tables  of  specific  gravities  of  the  solutions  studied,  and  the  relative 
viscosities  of  certain  of  these  solutions  are  given. 

It  is  a  pleasure  to  acknowledge  my  thanks  to  Dr.  George  Shannon 
Forbes  for  helpful  comments  on  certain  of  the  results. 
Columbia,  Missouri 
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THE  EFFECT  OF  CHANGING  HYDROGEN-ION   CONCENTRA- 
TION    ON   THE   POTENTIAL   OF   THE   ZINC   ELECTRODE 

By  Thbodorb  W.  Richards  and  Thbodorb  Dunham,  Jr. 

Received  December  14.  1921 

When  a  metal  of  weak  basic  character  (such  as  gallium)  is  studied  with 
regard  to  its  single  electrode  potential,  the  salt  solutions  in  which  the 
metal  is  immersed  must  be  acidified  to  prevent  hydrolysis.  The  possible 
effect  on  the  potential  of  such  acidification  has  not  been  adequately  as- 
certained.* Accordingly,  this  paper  recounts  a  brief  study  of  the  eflfect 
of  adding  acid  to  the  salt  solution  around  a  typical  easily  and  exactly 
reproducible  metal  electrode,  in  order  to  demonstrate  experimentally 
the  sign  and  magnitude  of  the  potential  difference  thus  caused.  Zinc 
was  chosen  for  the  purpose.  The  results  were  merely  preliminary,  and 
were  inevitably  not  very  conclusive.  Nevertheless,  when,  as  here,  theory 
is  incomplete,  even  tentative  experimental  results  may  be  of  value. 

EarUer  papers  on  this  subject  are  as  follows.  Broughton'  studied  the 
decomposition  voltage  of  zinc  sulfate  solutions  in  the  presence  of  acid, 
but  since  he  made  his  measurements  with  a  flowing  current,  thefaU  of  po- 
tential which  he  observed  was  due  (as  he  saw)  to  tiie  decrease  of  resistance 
of  the  solution.  For  the  present  purpose  these  results  have  no  signifi- 
cance. A.  Siemens'  measured  the  potential  of  zinc  in  an  acid  solution, 
but  not  in  pure  zinc  sulfate.  Details  are  lacking,  moreover,  as  to  salt- 
bridges  and  other  particulars,  so  that  these  results  also  have  little  signifi- 

'  Since  the  completion  of  our  experimental  work  a  general  but  rather  vague  theo- 
retical discussion  of  this  matter  by  A.  Smits  has  been  published  in  "Die  Theorie  der 
AUotropie,"  (Barth,  Leipzig,  1921),  especially  on  pp.  176  and  399.  Apparently  our  results 
are  not  inconsistent  with  his  conclusions. 

«  Broughton,  Met.  Chem.  Eng.,  20,  155  (1919). 

*  Siemens,  Z.  anorg.  Chem.,  41,  249  (1904). 
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canoe.  Kistiakowsky*  and  Horsch*  made  acciu*ate  measurements  of  the 
electrode  potential  of  zinc  in  solutions  of  zinc  sulfate  at  various  tempera- 
tures, but  do  not  seem  to  have  added  add,  neither  do  oUiers  who  have  called 
attention  to  precautions  needed  to  obtain  exact  results.* 

The  zinc  employed  in  our  work  was  a  very  pure  specimen/  containing  only  0.005% 
of  known  impurity,  according  to  careful  analysis.  Zinc  sulfate  was  prepared  from 
this  metal  and  recrystallized  twice  after  standing  in  solution  for  2  days  over  excess  of 
zinc.  From  a  carefully  prepared  molal  solution  of  this  salt  and  a  concentrated,  stand- 
ardized solution  of  sulfuric  acid,  equivalent  normal  solutions  of  zinc  sulfate  containing 
various  amounts  of  sulfuric  add  were  prepared.  A  small  Leeds  and  Northrup  potenti- 
ometer measuring  to  0.1  mv.  was  used;  it  was  adjusted  with  a  cadmium  cell  standardized 
at  the  Bureau  of  Standards. 

Since  in  such  measurements  solution-junction  potentials  are  inevitable, 
(imless  indeed  some  other  electrode  whose  potential  changes  with  added 
add,  such  as  merciuy,  mercurous  sulfate,  zinc  sulfate  plus  sulfuric 
add,  be  linked  with  the  zinc  electrode)  the  effort  was  made  to  arrange 
the  apparatus  so  as  to  have  these  definite  and  reprodudble.  A  separatory 
ftmnel  attached  by  a  T-tube  to  each  narrow  junction-tip  made  it  possible 
to  flush  the  latter  with  fresh  solution  whenever  desired.  A  third  separatory 
ftmnel  made  possible  the  renewal  or  change  of  the  enclosed  bridge  so- 
lution (which  received  the  two  junction-tips)  keeping  the  whole  apparatus 
closed  dtuing  the  operation.  Flow  from  one  vessel  to  the  other  (with 
consequent  mixture  of  the  liquids)  was  prevented.  By  gentle  hydro- 
static pressure  on  the  contents  of  the  bridge  vessel,  the  liquid  junctions 
could  be  forced  somewhat  back  into  the  narrow  tubes — a  process  which 
favored  reprodudbility.'  Each  electrode  vessel  was  removed,  rinsed  and 
dried  in  an  oven  between  successive  trials.  The  measurements  were  all 
made  at  18.0''  =*=  0.1^ 

Nearly  all  the  measurements  were  made  with  amalgamated  zinc.  This 
was  prepared  in  various  ways:  by  immersing  the  metal  in  dilute  mer- 
curous nitrate,  by  rubbing  tiie  clean  zinc  with  mercury  in  the  air,  and  by 
amalgamating  tmder  dilute  nitric  acid.  The  methods  gave  essentially 
identical  results,  but  the  last  named  method  seemed  on  the  whole  to  give 
the  most  constant  values.  The  rods  were  suspended  in  such  a  way  that 
the  metal  of  the  connecting  wire  (usually  platinum)  was  not  in  contact 
with  the  solution.  Since  zinc  forms  no  solid  amalgam,  the  potential  of 
ptire  zinc  should  be  identical  with  that  of  the  saturated  liquid  amalgam; 

«  Kistiakowsky,  Z.  EUHrochem,,  14,  113  (1908). 
»  Horsch,  This  Journal,  41, 1787  (1919). 

*  Mellencamp,  Phys.  Reo.,  29,  329  (1909).  Richards  and  Forbes,  Carnegie  Inst. 
Pub.,  56, 1  to  45  (1906).    Moore,  Tms  Journal,  43, 81  (1921). 

'  Kindly  provided  by  the  New  Jersey  Zinc  Company. 

*  Doubtless  the  flowing  liquid  junction  of  I<amb  and  Larson,  This  Journal,  42, 
229  (1920),  would  have  given  still  more  satisfactory  results,  but  the  arrangement  above 
specified  was  accurate  enough  for  our  purpose. 
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and  under  the  best  conditions  this  is  nearly  the  case.*  If  the  electrode 
is  not  amalgamated,  however,  the  result  may  be  vitiated  by  bubbles  of 
hydrogen  as  well  as  by  the  freshly  formed  zinc  sulfate,  when  acid  is  present. 
Thus  in  the  presence  of  2  W  sulfuric  add  we  foimd  that  the  potential  of  a 
piu*e  zinc  electrode  was  diminished  6.5  mv.  as  compared  with  an  amal- 
gamated electrode.  When  the  electrode  is  too  heavily  amalgamated, 
zinc  dissolved  from  the  surface  of  the  amalgam  may  not  be  instantly  re- 
placed by  diffusion  from  the  solid  zinc  rod  and  the  results  suffer.  Light 
amalgamation  prevents  active  corrosion  of  the  metal  and  at  the  same  time 
leaves  a  film  of  merciu*y  so  thin  that  it  remains  essentially  saturated  with 
metallic  zinc. 

Sometimes  the  constant  final  value  of  the  potential  attained  by  such 
electrodes  was  several  millivolts  above  the  value  obtained  immediately 
on  immersion.  Evidently  time  was  required  for  the  attainment  of  equi- 
librium within  the  film,  but  the  potential  finally  became  constant  within 
=*=  0.1  mv.  Time  should  doubtless  be  allowed  that  the  metal  may  be 
transformed  superficially  into  the  enantiotropic  form  most  stable  at 
•j^go  10  jf  g^jjy  q£  ^g  metastable  form  is  present;  but  this  change  can 
hardly  be  the  cause  of  the  effect  observed,  since  it  should  cause  a  fall 
of  potential,  whereas  we  usually  observed  a  rise  diuing  the  first  24 
hoiu-s. 

Two  series  of  experiments  were  made.  In  Series  I  the  zinc  (about 
half  immersed  in  solutions  containing  N  zinc  sulfate,  with  varied  amotmts 
of  added  acid)  was  measiu*ed  against  a  calomel  electrode  through  a  bridge 
of  satturated  solution  of  sodium  sulfate  (which  was  chosen  because  of  its 
considerable  specific  gravity,  helpful  in  diminishing  diffusion  at  the  Uquid 
junction).  In  Series  II  the  bridge-vessel  was  filled  with  N  zinc  sulfate 
solution,  and  the  acidified  zinc  electrode  was  thus  measvu-ed  directly 
against  another  zinc  electrode  immersed  in  equivalent  normal  zinc  sul- 
fate without  any  acid,  in  order  to  simplify  (as  much  as  possible)  the  liquid- 
jtmction  potentials.  Here  the  only  Uquid-junction  potential  was  due  to 
the  presence  of  acid  on  one  side  and  not  on  the  other.  Zinc  sulfate  was 
used  (rather  than  the  chloride)  because  it  forms  only  2  ions  on  dissocia- 
tion, and  because  it  is  less  hydrolyzed  than  the  chloride.  No  especial 
precaution  was  taken  against  the  oxygen  of  the  air,  since  results  of  very 
high  precision  were  not  sought. 

The  last  two  coltmms  show  the  increase  of  potential  due  to  adding  acid 
to  the  solution  arotmd  the  amalgamated  zinc  electrode  as  .measured  with, 
and  also  without,  a  sodium  sulfate  bridge.  Evidently,  the  presence  of 
this  bridge  in  connection  with  the  calomel  electrode  tends,  in  every  case, 

»  Richards  and  Lewis.  Proc.  Am,  Acad.,  34,  98  (1898). 
*"  Cohen,  Proceedings  Kon.  Akad.  Wetenschappen  Amsterdam,  16,  565  (1913). 
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TablB  I 
Change  op  Potential  of  Zinc  Caused  by  Acidifying  Environment 

Total  Change  of  potential 

Potential"  I.     With  Na2S04    II.  Without  NasS04 
With  bridge  bridge  bridge 

and  calomel  electrode 


N 

Mv. 

Mv. 

0.0 

1 .0777 

0.0 

0.0 

0.1 

1.0828 

6.1 

6.0 

0.5 

1.0971 

19.4 

21.6 

1.0 

1.1066 

28.9 

32.6 

2.0 

1.1173 

39.6 

45.3 

4.0 

1.1277 

50.0 

57.2 

0.0  again 

1.0771 

(-0.6) 

0.0 

to  reduce  by  about  12%  the  difference  of  potential  observed,  within  the 
limit  of  error  of  the  measurements. 

The  fact  stands  out  that,  with  or  without  a  salt-bridge,  the  addition  of 
add  very  decidedly  raises  the  single  electrode  potential  of  zinc.  This  re- 
sult is  in  the  direction  indicated  by  the  hypothesis  of  electrolytic  dissoci- 
ation. Adding  sulfuric  acid  to  zinc  sulfate  should  diminish  the  dissocia- 
tion of  the  latter,  and  therefore  should  tend  to  diminish  the  concentration 
of  active  zinc  in  the  solution  and  hence  increase  the  potential  of  the  elec- 
trode. The  change  is,  however,  much  larger  than  one  would  expect  from 
this  cause.  Hence  part  of  the  effect  must  be  ascribed  to  the  solution- 
jimction  potential,  and  most  of  this  must  be  ascribed  to  the  effect  of  the 
high  mobility  of  the  hydrogen  ion.  Lack  of  knowledge  as  to  the  concen- 
tration of  the  bivalent  sulfate  ion  in  sulfuric  acid  prevents  the  application 
to  this  junction  potential  of  the  equations  of  Planck  or  of  Lewis  and  Sar- 
gent or  of  Henderson,  but  on  any  assumption  evidently  the  presence  of 
the  hydrogen  ion  would  increase  the  potential  of  the  electrode  containing 
it,  since  its  rapid  migration  would  tend  to  establish  a  potential  difference 
in  the  same  direction  as  that  produced  by  the  formation  of  the  ionized 
zinc  at  the  electrode.  Although  no  accurate  theory  for  this  jimction 
potential  exists,  the  effect  may  be  estimated  approximately  by  the  sub- 
stitution in  the  present  case  of  less  rapidly  migrating  ions  for  hydrogen, 
making  the  assumption  that  the  associating  effect  produced  by  alkali 
sulfates  woidd  be  not  very  different  from  that  produced  by  sulfuric  add. 
Accordingly,  cells  were  set  up  with  sodium  or  potassium  sulfate  added  to 
the  zinc  sulfate  solution  on  one  side,  the  latter  salt  being  always  of  equiva- 

^^  The  single  electrode  potential  of  zinc  thus  determined  is  0.518,  assuming  the 
calomel  electrode  potential =0.560  volt,  if  the  electrolyte  is  normal  as  to  zinc 
sulfate  and  making  no  allowance  for  the  two  liquid-junction  potentials.  The  cell 
Zn,  ZnS04,  KCl,  HgCl,  Hg  has  an  e.m.f.  of  about  1.083  at  18"*.  Saturated  Na2S04  as 
a  bridge  diminishes  the  e.m.f.  by  about  0.005.    See  also  Horsch,  Ref.  5. 
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lent  normal  concentration.  Limited  solubility  prevented,  of  com'se, 
the  use  of  very  concentrated  solutions  of  the  alkali  salts.  The  following 
table  gives  the  rise  of  potential  observed  with  increasing  amoimts  of  Uiese 
substances,  as  measured  against  a  pure  zinc  electrode  (equivalent  normal 
as  to  zinc  sulfate  and  without  any  addition  of  foreign  sulfate). 

Table  II 
Effect  op  Dissolved  Hydrogen,  Sodium  and  Potassium  Sulfates  on  the  Zinc 

Electrode  (N  ZnSO*) 

Added  sulfate  HjSO*  NaiSO*  K1SO4 

N  Mv.  Mv.  Mv. 

0.0  0.0  0.0  0.0 

0.1  6.0  1.7  3.2 

0.6  21.6  7.2  12.1 

1.0  32.6  11.8»« 

2.0  45.3  17.1 

These  results  are  plotted  (Curves  A,  C,  and  D)  together  with  the  values 
obtained  with  the  sodium  sulfate  salt  bridge  and  calomel  electrode  (Curve 
B)  in  the  accompanying  diagram.    As  was  anticipated,  the  ordinates 


!  2  3  4 

Fig.  1. — Rise  of  potential  caused  by  addition  of  sulfuric  acid  and  two  sul- 
fates to  the  normal  zinc  electrode.  The  normality  of  the  added  sulfate  in  the 
solution  is  plotted  in  the  direction  of  abscissa;  e.m.f.  in  millivolts,  as  ordinates. 
The  concentration  of  zinc  sulfate  was  normal:  the  same  in  all  cases.  Curve 
B  was  obtained  through  a  salt  bridge;  Curves  A,  C,  and  D  by  direct  connec- 
tion with  a  zinc  electrode  surrounded  by  pure  N  zinc  sulfate  solution. 


>*  Abegg  and  Labendzinski  report  9  mv.  for  this  datum,  Z.  Elektrochem,,  10,  77 
(1904). 
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of  the  (H2,Ks,Nas)S04  curves  lie  in  the  order  of  the  transport  numbers  of 
the  respective  cations  in  the  sulfate  solutions.  This  is  seen  in  the  table 
below.  From  recent  data,"  the  probable  values  of  these  transport  num- 
bers in  haUeds  are  as  follows. 

Transport  Relative  ordiiiates 
numbers  of  curves 

H 0.83  1.00 

K 0.49  0.66 

Na 0.39  0.33 

In  concentrated  solutions,  the  mobility  of  the  sulfate  ion  is  much  less 
than  that  of  the  potassium  ion,  but  possibly  somewhat  more  than  that  of 
the  sodium  ion.^^  Assuming  the  absence  of  junction  potential  with 
sodium  sulfate,  one  would  infer  that  the  difference  between  this  salt 
(Curve  D)  and  the  acid  (Curve  A),  that  is,  about  Vi  of  the  effect  of  the 
added  acid,  may  be  due  to  the  excess  of  mobiUty  of  the  hydrogen.  The 
effect  of  sodium  sulfate,  0.007  volt,  when  both  salts  are  normal,  is  about 
the  change  of  potential  at  Uie  metallic  surface  which  one  would  expect 
from  the  associating  effect  of  sulfuric  add  on  zinc  sulfate.  It  would  appear, 
therefore,  that  weU-known  tendencies  are  of  magnitudes  entirely  ade- 
quate to  accoimt  for  the  total  effect.  Moreover,  the  order  of  magnitude 
of  the  deviation  generally  to  be  expected  in  other  similar  cases  is  indicated. 
The  more  exact  elucidation  of  the  question  involves  a  better  knowledge 
of  the  solution-jtmction  effect  as  well  as  of  the  mode  of  dissociation  of 
sulfuric  add  than  is  now  at  hand.  We  have  obtained  a  variety  of  ad- 
ditional data  bearing  upon  jimction  potentials,  but  these  have  not  yet 
been  correlated. 

We  are  indebted  to  the  Carnegie  Institution  of  Washington  and  to  a 
generous  anonymous  ftmd  for  some  of  the  apparatus  employed. 

Summary 

1.  Measurements  of  the  potential  of  zinc  in  add  solutions  of  zinc 
sulfate,  measured  against  the  calomel  electrode  (through  a  sodium  sulfate 
bridge)  and  also  directly  against  a  zinc  electrode  containing  pure  N  zinc 
sulfate  solution,  showed  marked  rise  in  potential  as  the  add  concentration 
was  increased. 

2.  The  magnitude  of  this  rise  in  potential  indicated  that  it  must  be  due 
partly  to  liquid-junction  potential,  owing  to  the  presence  of  the  hydrogen 
ion. 

3.  Equal  concentrations  of  the  sulfate  ion  in  the  form  of  alkali  sulfates 
added  to  the  zinc  sulfate  solution  gave  smaller  devations  in  the  potential, 

»  A.  A.  Noyes  and  Falk,  Tms  JovKtiAL,  33, 1466  (1911). 

**  Sec,  for  example,  Kohlratisch  and  Holbom,  "Leitvermdgen  der  Elektrolirte," 
Teubner,  1898,  p.  200. 
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which  elevations  were  in  the  order  of  the  transport  numbers  of  the  cations 
concerned.  If  it  is  assumed  that  the  change  in  jtmction  potential  pro- 
duced by  sodium  sulfate  is  small,  one  may  infer  that  about  */«  of  the 
change  produced  by  sulfuric  acid  is  due  to  solution-jtmction  potential 
and  the  other  third  to  a  real  increase  in  the  single  electrode  potential  of 
zinc,  due  presumably  to  the  depression  of  the  electrolytic  dissociation 
of  zinc  sulfate. 

Cambrtogs  38,  Massachusetts 


[CONTRIBirriGN    FROM    THQ     WoUX>TT    GiBBS     MSMORIAI.    LABORATORY,     HARVARD 
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THE  HEATS  OF  NEUTRALIZATION  OF  POTASSIUM,  SODIUM 
AND  LITHIUM  HYDROXIDES  WITH  HYDROCHLORIC,  HY- 
DROBROMIC,  HYDRIODIC  AND  NITRIC  ACIDS,  AT  VARIOUS 

DILUTIONS 

By  Theodorb  W.  Richards  and  Aixan  W.  Rows 

Received  January  6,  1922 

(The  quantity  of  heat  developed  by  the  neutralization  of  acids  with  bases 
has  been  the  subject  of  numerous  investigations.  Hess,^  Graham,^ 
Andrews,^  Favre  and  Silbermann/  Favre/  Thomsen,*  Berthelot,^  v. 
Steinwehr,'  Wormann,*  Riimelin/®  Mathews  and  Germann^^  and  Muller^^ 
(among  others)  have  made  measurements  of  this  kind,  using  many  differ- 
ent methods  and  varying  the  conditions  widely.  The  fact  observed 
by  the  earUer  experimenters  that  with  strong  acids  and  bases  the  heat 
liberated  is  almost  (but  not  quite)  independent  of  the  base  or  acid  used, 
foimd  explanation  when  the  theory  of  electrolytic  dissociation  was  de- 
veloped by  Arrhenius.^*  As  every  chemist  knows,  the  action  is  now  con- 
sidered as  being  essentially  that  between  hydrogen  and  hydroxy!  ions  alone, 
the  other  ions  remaining  almost  if  not  quite  imdistiu*bed  in  the  process. 
The  experimental  results  coincided  approximately  with  this  theory,  but 
the  data  available  at  the  time  when  this  investigation  was  begun  were 

1  Hess,  Pogg.  Ann.,  50, 385  (1840);  53, 499  (1841);  57,  569  (1842). 

*  Graham,  Ann.  chim.  phys.,  [3]  13,  188  (1845). 

»  Andrews,  Pogg.  Ann.,  54,  208  (1841);  143,  101  (1871). 

*  Favre  and  Silbermann,  Ann.  chim.  phys.,  [3]  37,  494  (1853). 
»  Favre,  Compt.  rend.,  73,  772  (1871). 

*  Thomsen,  "Thermochemische  Untersuchungen,"  Barth,  vol.  I,  1882. 
'  Berthelot,  "Thermochimte,"  Ganthier,  vols.  I  and  II,  1897. 

*  V.  Steinwehr,  Inaug.  Diss.,  Gottingen,  1900. 
»  Wdrmann,  Ann.  Physik,  [4]  18,  775  (1905). 
>"  Riimelin,  Inaug.  Diss.,  G5ttingen.  1905. 

"  Mathews  and  Germann,  /.  Phys.  Chem.,  15,  73  (1911). 

"  Muller,  BuU.  soc.  chim.,  [4]  23, 8  (1918). 

»«  S.  Arrhenius,  Z.  physik,  Chem.,  1,  631  (1887). 


Digitized  by  LjOOQ IC 


HEATS  OP  NEUTRAI^IZATION  685 

not  adequate  to  determine  whether  the  deviations  between  them  were 
due  to  differences  in  the  heats  of  dissociation  of  the  remaining  tmdissodated 
fractions  of  the  several  greatly  ionized  substances,  or  whether  the  differ- 
ences were  due  merely  to  experimental  inacciu*acies.  The  thermal  be- 
havior of  weak  acids  and  bases  is  indubitably  complicated  by  heats  of 
dissociation. 

In  seeking  an  answer  to  the  question,  our  first  step  was  to  determine 
with  acciu-acy  many  heats  of  dilution  of  strong  acids  and  alkalies,  and  their 
salts.  The  results  were  pubUshed  in  This  Journai,  in  1920  and  1921.^* 
Of  coiu^e  these  heats  of  dilution  (as  will  be  exemplified  later)  fix  the  change 
of  heat  of  neutralization  with  change  of  concentration.  They  were 
found  to  be  so  great,  even  at  considerable  dilution,  as  to  influence  the  heats 
of  neutralization  to  an  important  degree.  This  having  been  accomplished, 
the  next  step  was  to  determine  acciu-ately,  under  precisely  similar  con- 
ditions, many  heats  of  neutralization  at  one  definite  concentration,  in  order 
to  provide  a  basis  for  the  calculation  of  accurate  values  at  all  other  con- 
centrations, and  especially  to  extrapolate  the  results  to  infinite  dilution, 
when  the  heats  of  dilution  would  be  zero  (the  idiosyncrasies  of  the  indi- 
vidual salts  having  supposedly  been  eliminated)  and  the  result  should  in- 
dicate the  true  heat  of  dissociation  of  water.  The  results  of  this  part  of 
the  work  follow.  The  research,  which  formed  a  part  of  the  comprehensive 
thermochemical  study  of  electrolytes,^'  was  begim  in  1907,  and  was  con- 
tinued, with  occasional  interruptions,  for  7  years,  the  last  experimental 
work  recorded  in  the  present  paper  having  been  done  in  June,  1914.  Pub- 
lication has  been  delayed  by  the  war,  and  other  preoccupations  which  post- 
poned the  time-consuming  conelation  and  recalculation  of  the  copious 
experimental  material. 

With  the  help  of  the  adiabatic  calorimeter^*  which  has  been  used  in 
this  laboratory  since  1905,  we  hoped  to  attain  greater  acctuacy  than  had 
yet  been  possible.  Serious  possibilities  of  error  in  the  earlier  methods 
were  soon  discovered.  The  most  important  of  these  errors  were  found 
to  be:  first,  defects  in  the  methods  of  mixing  the  solutions,  involving 
irregular  cooling  effects;  and  second,  the  presence  of  carbonate  in  the  al- 
kalies. The  outcome  leads  to  a  considerably  higher  estimate  of  the  heat 
of  neutralization  of  the  strong  acids  and  bases  than  was  formerly  believed 
to  exist.  There  is  reason  to  hope  that  this  conclusion  is  trustworthy, 
since  the  various  checks  and  cross-verifications  to  which  the  work  has 
been  submitted  have  been  satisfactory :  the  mass  of  data  forms  a  reasonably 

»«  Richards  and  Rowc,  Tras  Journai.,  42, 1621  (1920);  43, 770  (1921). 

>»  Richards  and  Rowe,  Proc.  Am.  Acad.,  43,  473  (1908);  Z.  physik.  Chem.,  64,  187 
(1908).  Richards,  Rowe  and  Burgess,  Tras  Journal,  32,  1176  (1910).  Richards  and 
Rowc,  Proc.  Am.  Acad.,  49, 173  (1913);  Z.  physik.  Chem.,  84,  685  (1913);  This  Journai., 
42, 1621  (1920);  43,  770  (1921). 

»•  Richards,  Henderson  and  Forbes,  Proc.  Am.  Acad.,  41, 1  (1905). 
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consistent  whole.  Furthermore,  the  suspicion  that  the  old  results  were 
too  low  has  been  confirmed  in  a  welcome  manner  as  regards  soditmi  chlo- 
ride by  an  interesting  result  of  F.  G.  Keyes^^  and  his  assistants,  attained 
by  a  radically  different  method  without  knowledge  of  the  quantitative 
outcome  of  our  work  and  entirely  independent  of  it.^' 

Because  our  work  dealt  with  many  substances  at  various  temperatures 
and  widely  varying  concentrations,  a  variety  of  interesting  conclusions 
may  be  drawn  from  it  which  were  not  within  reach  before.  These  con- 
clusions are  explained  in  the  latter  part  of  this  paper. 

Apparatus. — The  adiabatic  calorimeter  used  in  this  research  has 
been  already  described  in  full  detail,  having  been  employed  for  the  heats 
of  dilution  of  salt  solutions  with  equal  volumes  of  water."  It  is  pictured 
in  the  diagram  on  p.  1623,  of  This  Journal,  vol.  42  (1920). 

In  brief,  it  consisted  of  an  inner  platintim  can  (a)  of  0.7-liter  capacity  to  contain  the 
alkali,  and  an  outer  platinum  can  of  double  the  capacity,  A,  to  contain  the  add  in  the 
annular  space  between  the  two  cans.  The  inner  can  was  provided  with  small  stoppered 
baffled  holes  (g,g)  below,  and  larger  stoppered  holes  (k,k,  and  C)  above  and  below;  these 
holes  could  be  opened  one  by  one  to  effect  gradual  mixing.  The  stirrers  (one  in  each 
can)  were  reciprocating:  one  rose  when  the  other  fell.  Thus  they  exerted  a  backwards 
and  forwards  pumping  effect  on  the  liquid,  through  the  holes  in  the  inner  can.  Since 
one  rose  as  the  other  fell,  there  was  little  or  no  tendency  to  draw  in  air  from  the  outside, 
or  to  expel  it.  The  stirring  correction  was  negligible — and  the  precision  of  adjustment 
was  proved  by  the  perfect  constancy  of  temperature  before  and  after  the  reaction. 

The  whole  was  enclosed  (with  an  intervening  air  space)  in  a  water- 
tight burnished  nickel-plated  copper  receptacle  (^'submarine'*)  which  was 
immersed  in  the  outer  baUi.  This  outer  bath  was  warmed  during  a  de- 
termination at  exactly  the  same  rate  as  the  calorimeter,  the  equality  of 
temperature  being  established  with  the  help  of  thermometers  both  in  the 
inner  can  of  the  calorimeter  and  the  annular  space,  as  well  as  in  the  out- 
side bath.  It  was  shown  that  the  mixing  of  acid  and  alkali  progressed 
with  great  regularity.  No  difference  of  more  than  0 .  03  '^  between  the  liquid 
in  the  innermost  can  and  that  in  the  annular  space  between  a  and  A 
ever  appeared  during  the  10  minutes  needed  for  complete  neutralization. 
Hence  it  was  possible  to  obtain  very  satisfactory  adiabatic  conditions; 
the  great  difficulty  of  irregular  mixing  had  been  overcome. 

The  apparatus  was  arranged  in  this  form  primarily  in  order  that  the  two 
solutions  should  have  exactly  the  same  temperature  at  the  moment  of  mix- 
ing.   Many  trials  had  convinced  us  of  the  difficulty  of  introducing  a  so- 

"  Keyes,  Gillespie  and  Mitsukuri,  This  Journal,  44, 707  (1922). 

"  Professor  Keyes  has  kindly  communicated  to  me  orally  the  result  of  his  most 
recent  work,  which  essentially  confirms  our  conclusion  that  the  old  values  for  heats  of 
neutralization  were  much  too  low.  For  a  description  of  the  method  as  applied  to  dilu- 
tion, see  J.  B.  Dickson,  Thesis,  Mass.  Inst.  Technology,  Boston,  1917.  His  value  for 
sodium  chloride  is  even  somewhat  higher  than  ours. 

>•  Richards  and  Rowe,  This  Joxtrnal,  42,  1622, 1625  (1920). 
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lution  from  outside  the  calorimeter  without  causing  uncertainty  as  to  the 
exact  temperature  of  this  added  solution  at  that  moment.  Accordingly 
the  two  solutions  were  placed  in  concentric  cans,  and  thus  attained  pre- 
cisely uniform  temperature  before  mixing.  The  form  of  apparatus  pre- 
vented the  mixing  from  being  very  rapid.  This  was  not  a  disadvantage, 
since  it  enabled  the  adjustment  of  the  adiabatic  conditions  to  be  made 
A^ith  much  greater  accuracy.  Mathematically  (according  to  the  usual 
exponential  expression,  which,  however,  probably  does  not  hold  here  with 
exactness),  the  increase  of  accuracy  in  this  adjustment  must  be  proportional 
to  the  increase  in  time,  or 
the  outcome  will  suffer. 
This  condition  was  proba- 
bly more  than  fulfilled. 

The  complete  mixing  of 
liquids  is  not  always  as 
prompt  as  it  seems.  The 
accurate  quantitative  ana- 
lyst knows  that  he  must 
shake  his  volumetric  solu- 
tions very  thoroughly  in 
order  to  attain  homogen- 
eity. Thermal  homogeneity 
is  perhaps  easier  to  attain 
than  homogeneity  of  mate- 
rial, since  thermal  conduc- 
tion assists  in  its  attain- 
ment. In  the  present  case, 
however,  the  equable  dis- 
tribution of  the  stibstances 
present  is  necessary,  especi- 
ally if  they  are  present  ex- 
actly in  equivalent  propor- 
tions.    Our  custom  of  al- 


T)  5  W 

Fig.  1. — The  course  of  a  typical  experiment. 
Temperatures  are  ordinates;  times  (in  minutes), 
abscissas.  After  4  minutes'  test  of  constancy  of 
temperature,  the  small  orifices  g,g  were  opened;  after 
7  minutes  more,  the  central  plug  C  was  opened; 
2  minutes  later  the  side  valves  k,k  were  opened. 
The  temperature  remained  exactly  constant  indefi- 
nitely after  two  minutes'  further  mixing.  The  correc- 
tion for  heat  developed  by  stirring  was  negligibly 
small. 


ways  using  a  slight  excess  of  alkali  was  a  distinct  help  in  this  respect, 
since  our  neutralization  was  complete  when  the  mixing  process  still 
lacked  0.5%  of  completeness.  Some  of  the  earlier  experimenters 
on  heat  of  neutralization  doubtless  lost  sight  of  this  danger;  in  their  work 
the  rise  of  temperature  which  ought  to  have  been  caused  by  the  evolu- 
tion of  the  last  few  calories  was  masked  by  the  cooling  effect,  of  which 
usually  very  inadequate  account  was  taken.  The  adiabatic  method 
affords  the  best  method  of  detecting  and  avoiding  this  cause  of  error; 
it  eliminates  the  cooling  effect,  and  enables  the  slow  conclusion  of  the  mix- 
ing process  to  be  followed   thermometrically.     The  accurate  study  of 
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slow  reactions  is  indeed  the  most  important  province  of  the  method. 

Some  experimenters  have  foimd  difficulty  in  keeping  the  outside  bath 
at  the  same  temperature  as  the  calorimeter  proper  when  using  an  adiabatic 
calorimeter  of  this  type,  but  our  own  experience  has  been  that  this  is  easily 
accomplished  unless  the  reaction  is  so  rapid  as  to  make  the  estimation  of 
temperature  exchange  with  the  surroimdings  uncertain  according  to  any 
method  of  experimentation.  In  the  present  case,  as  already  stated,  the 
rise  of  temperature  was  so  gradual  that  there  was  no  difficulty  whatever 
in  maintaining  the  outside  bath  within  a  few  himdredths  of  a  degree  of  the 
temperature  of  the  calorimeter  at  all  times.  The  most  serious  possible 
constant  error  with  any  method  seems  to  be  from  the  cooling  effect  caused 
by  evaporation  through  the  tubes  communicating  with  the  outside  air. 
This  is  much  diminished  and  in  most  cases  rendered  harmless  by  plugging 
these  outlets  with  cotton  wool  throughout  the  experiment;  with  our 
apparatus  the  arrangement  of  the  stirrers  almost  eliminated  it. 

The  thermometers  were  standardized  with  great  care.^®  Of  course 
the  specific  heats  of  the  various  solutions  were  necessary  in  order  to  make 
possible  the  calculation  of  the  results;  their  determination  has  already 
been  described  in  full  in  earlier  papers,  the  final  results  for  the  specific 
heats  having  been  given  in  our  paper  of  1921. 

The  Preparation  of  Materials. — The  importance  of  purity  of  materials 
was  very  soon  discovered.  The  heat  of  neutralization  of  a  carbonate 
is  far  less  than  that  of  an  hydroxide.  If  the  acid  is  in  equivalent  quan- 
tity, or  in  excess,  of  coturse,  both  carbonate  and  hydroxide  are  neutralized. 
Accordingly,  we  used  always  a  slight  excess  of  alkali  and  soon  found  that 
with  ordinary  caustic  solutions,  the  greater  the  excess  used  the  greater 
was  the  observed  heat  of  neutralization.  This  was  traced  to  carbonate. 
When  a  sufficiently  liberal  excess  of  alkali  was  used  to  eliminate  the 
influence  of  carbonate — in  other  words  to  leave  that  substance  unde- 
composed  in  solution — the  results  were  concordant  and  ceased  to  indi- 

"At  the  time  of  experimentation  the  thermochemical  thermometers  were 
standardized  in  an  exceedingly  thorough  and  scrupulous  manner  by  comparison  with  the 
Paris  standards,  as  represented  by  our  two  thermometers  Baudin  15200  and  15276. 
Recently,  these  two  latter  thermometers  have  been  repeatedly  compared  with  the 
platinum  standard  by  O.  C.  Bridgeman  and  one  of  us,  (using  a  Leeds  and  Northrup 
platinum  thermometer  standardized  by  the  U.  S.  Bureau  of  Standards)  as  well  as  very 
kindly  by  Professor  H.  N.  Davis  and  V.  Yngve  (using  the  very  accurate  platinum  ther- 
mometers of  the  Jefferson  Physical  Laboratory  of  Harvard  University).  The  two 
entirely  independent  series  of  results  with  the  platinum  thermometers  essentially  agreed. 
The  algebraic  sum  of  the  original  correction  referred  to  the  Baudin  thermometers  and 
the  supercorrection  of  the  Baudin  referred  to  the  platinum  standard  was  applied  in  each 
case.  Hence,  all  the  results  given  in  this  paper  refer  to  the  present  standard  of  tempera- 
ture as  indicated  by  the  contemporary  platinum  thermometer.  For  the  short  intervals 
used  in  the  previous  papers  on  heat  of  dilution,  the  Baudin  thermometers  were  essen- 
tially correct  according  to  this  standard. 
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cate  a  larger  figure  with  yet  further  excess  of  alkali.  Thomsen  used  an 
excess  of  acid.  Berthelot  expresses  his  results  in  terms  of  alkali,  a  fact 
which  suggests  that  he  used  an  excess  of  acid,  although  his  description 
apparently  implies  that  exactly  equivalent  amounts  were  used.  In  either 
case,  carbonate  would  affect  the  neutralization  values.  More  recent 
workers  may  have  used  more  precaution,  but  this  point  is  not  always 
made  entirely  dear;  at  any  rate  it  is  not  emphasized.  Keyes,^^  in  his 
very  recent  work,  quite  independently  has  come  to  the  same  conclusion 
as  that  to  which  we  came  in  1909.  There  can  be  no  doubt  as  to  the  del- 
eterious effect  of  carbonate  in  most  of  the  earlier  work. 

While  it  was  possible  to  eliminate  the  effect  of  carbonate  by  the  use 
of  an  adequate  excess  of  alkali,  this  practice,  if  carried  to  an  extreme, 
would  cause  uncertainty  in  the  calculation  of  the  final  value,  because 
of  the  effect  of  the  excess  on  the  heat  capacity  of  the  solution.  Fw  that 
reason,  in  our  work  each  alkali  was  carefully  freed  from  carbonate,  as 
indicated  below. 

In  the  cases  of  soditim  and  potassium  very  ptire  inported  solid  hydroxide  was  dis- 
solved in  a  quantity  of  pure  freshly  distilled  water  somewhat  less  than  that  needed  for 
the  desired  concentration.  Having  been  titrated  for  its  carbonate  content,  this  solution 
was  treated  with  slightly  more  than  the  calculated  amount  of  a  hot  sattu-ated  solution 
of  barium  hydroxide.  After  thorough  mixing  the  solution  was  allowed  to  stand  until 
the  precipitated  barium  carbonate  had  completely  settled.  The  clear  supernatant 
liquid  was  then  siphoned  into  a  clean  parafi&n-lined  bottle.'^  Several  portions  of  this 
liquid  were  then  drawn  off,  weighed,  neutralized  with  ptu-e  hydrochloric  acid  and  de- 
termined as  to  their  barium  content,  gravimetrically  through  precipitation  as  sulfate. 
The  exact  amount  of  very  pure  sulfuric  add  necessary  to  precipitate  the  barium  present 
was  added  to  the  solution  in  the  paraffin-lined  bottle;  and  after  thorough  shaking  and  a 
sufficient  lapse  of  time,  fully  protected  from  the  air  of  the  room,  the  liquid  was  again 
siphoned  into  another  paraffin-lined  bottle,  titrated,  diluted  to  the  exact  strength  with 
water  free  from  carbon  dioxide,  and  finally  analjrzed  with  great  care  to  determine  its 
exact  composition.     It  was  protected  by  a  safety  tube  containing  caustic  alkali. 

The  analysis  was  conducted  with  great  care  by  means  of  weight  burets,  using 


**  These  bottles  were  of  8-  to  20-liter  capacity  and  after  having  been  thoroughly 
cleaned  and  dried,  were  heated  to  about  80°,  when  about  0.7  liter  of  specially  purified, 
melted  paraffin  was  poured  into  each.  With  the  glass  stopper  inserted,  the  bottle  was 
slowly  inverted  and  rotated  so  that  concentric  layers  of  the  paraffin  formed  on  the  inner 
surface  of  the  glass  walls  as  the  substance  solidified.  When  the  neck  and' shoulders  of 
the  bottle  were  thoroughly  coated,  the  bottle,  still  constantly  rotated,  was  brought  to  a 
horizontal  position  and  the  walls  in  turn  were  covered.  Finally  the  bottle  was  restored 
to  its  normal  position  and  the  remaining  paraffin  allowed  to  solidify  slowly  at  the  bottom. 
The  glass  stopper  was  next  withdrawn  and  the  the  paraffin  coating  across  the  neck  ex- 
cised with  a  sharp  knife,  and  the  edges  of  the  still  warm  and  plastic  paraffin  smoothed. 
The  inside  of  the  neck  was  painted  with  hot  liquid  paraffin  and  when  this  had  cooled  the 
glass  stopper,  heated  to  the  melting  point  of  the  wax,  was  again  inserted  and  rapidly 
rotated.  The  stopper  was  again  withdrawn  and  the  whole  allowed  to  cool.  Bottles 
prepared  in  this  way  have  been  used  for  over  two  years  without  the  development  of  any 
break  in  the  lining. 
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methyl  red*'  as  an  indicator.  The  standard  was  hydrochloric  acid,  which  was  prepared 
in  several  solutions  from  time  to  time  and  analyzed  gravimetrically  by  precipitation  of 
the  chlorine  of  silver  chloride.  The  acid  solutions  were  analyzed  and  used  soon  after 
preparation,  since  in  time  alkali  dissolved  from  even  the  best  glass  diminishes  slightly 
the  hydrogen-ion  concentration  without  affecting  the  chloride  contents.  The  titer  of  the 
sodium  hydroxide  solution  was  proved  to  remain  essentially  constant  even  after  having 
been  in  a  paraffin  bottle  for  over  7  months.  The  weight  burets  were  of  the  familiar 
Ripper  type. 

Further  details  concerning  the  preparation  of  potassium  and  sodium  hydroxides 
and  of  hydrochloric  and  nitric  acids  (which  last  had  both  been  carefully  redistilled  with 
the  usual  precautions)  are  perhaps  unnecessary,  but  the  lithium  hydroxide  and  the  two 
other  halogen  acids  need  more  detailed  discussion.  Because  no  lithium  hydroxide  of 
sufficiently  pure  quality  was  available  in  commerce,  a  quantity  was  prepared  from  a 
special  sample  of  lithium  chloride  made  for  this  research  by  the  General  Chemical 
Company,  Baker  and  Adamson  Works.  This  contained,  according  to  factory  analysis, 
less  than  0.1%  of  the  chlorides  of  sodium  and  potassium.  Our  own  analysis  (following 
the  procedure  recommended  by  Gooch**  gave  0.0074  g.  of  the  mixed  chlorides  in  an  8g. 
sample — an  excellent  confirmation  of  the  factory  analysis.  A  kilogn^m  of  this  salt  was 
placed  in  a  very  large  platinum  dish  and  a  small  excess  of  a  calctilated  amount  of  very 
ptu-e  sulfuric  acid  added.  The  mass  was  heated  gradually  and  the  excess  of  sulfuric 
acid  slowly  distilled,  while  the  residue  was  occasionally  stirred  with  a  platinum 
spatula.  The  sulfate,  found  to  be  practically  free  from  chloride,  was  weighed  and 
dissolved  in  a  minimum  amount  of  water.  A  nearly  saturated  and  carefully  analyzed 
solution  of  very  pure  barium  hydroxide  was  added  in  slight  excess  of  the  calculated 
amount  to  the  lithium  solution.  After  the  large  mass  of  barium  sulfate  had  subsided, 
the  clear  supernatant  liquid  was  siphoned,  with  the  usual  precautions  against  carbon 
dioxide,  into  a  paraffin-lined  bottle,  and  the  excess  of  barium  determined  gravimetrically 
as  sulfate.  The  calculated  amount  of  sulfuric  acid  was  then  added  to  the  main  solu- 
tion; and  the  clear  liquid,  after  the  separation  of  the  resulting  barium  sulfate,  was 
transferred  (out  of  contact  with  the  air  of  the  room)  to  its  final  container,  analyzed, 
properly  diluted  with  freshly  distilled  water  free  from  carbon  dioxide,  and  finally 
analyzed  once  more  to  make  certain  that  the  true  concentration  had  been  attained. 
This  solution,  like  the  other  alkaline  solutions,  was  of  course  saturated  with  a  trace  of 
barium  sulfate  and  paraffin,  but  each  was  harmless  as  regards  our  processes. 

Hydrobromic  acid  was  prepared  by  fractional  distillation  of  a  sufficiently  pure 
specimen  of  the  substance,  likewise  manufactured  especially  for  this  research.  It  con- 
tained no  hydriodic  acid  and  less  than  0.1%  of  hydrochloric  acid,  which  could  have  had 
no  essential  effect  on  the  heat  of  neutralization,  so  that  the  preparation  of  a  purer  sample 
was  considered  to  be  unnecessary.  Like  all  the  other  acids,  it  was  suitably  diluted  and 
carefully  analyzed  by  comparison  with  a  known  sodium  hydroxide  solution,  standardized 
as  described  above. 

Hydriodic  acid  offered  difficulties  absent  in  the  case  of  other  acids.  The  substance 
is  unstable:  iodine  is  set  free  by  dissolved  oxygen  especially  in  the  presence  of  light,  and 
excess  of  alkali  may  thus  form  hypo-iodites  of  the  several  bases.  These  difficulties  were 
not  easy  to  overcome.  Our  initial  material  was  concentrated  add  especially  prepared 
for  this  research  by  the  manufacturers  already  mentioned.  The  factory  analysis  showed 
the  amount  of  hydrochloric  acid  to  be  less  than  0.03%  while  hydrobromic  acid  was 
absent.    The  solution  contained  a  small  amount  of  free  iodine  which  imparted  a  yellow 

**  At  the  time  of  our  earlier  titrations,  methyl  red  was  not  easy  to  obtain.    We  are 
indebted  to  Professor  H.  H.  Willard  for  his  kindness  in  fumifliihig  the  substance. 
w  Gooch.  Pfoc.  Am.  Acad.,  22, 177  (1886). 
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color  to  the  liquid.  To  this  acid  was  added  rather  more  pure  distilled  water  than  would 
dilute  it  to  the  constant  boiling  mixture  and  the  resulting  solution  was  fractionally 
distilled  in  the  dark,  using  a  quartz  condenser  and  rejecting  the  initial  portion  of  the 
distillate.  The  pure  acid  thus  obtained  was  again  fractionated  under  similar  conditions 
and  the  final  yellow  distillate  set  aside  for  the  work.  Inasmuch  as  the  oxygen  dissolved 
in  the  diluent  water  b  the  factor  determining  the  decomposition  of  the  add,  water  nearly 
free  from  this  gas  was  prepared  by  bubbling  very  pure  hydrogen  through  it  for  many 
hours.  Weighed  portions  of  the  very  pure  cone,  hydriodic  add  were  added  to  the 
water  and,  after  a  thorough  shaking,  more  hydrogen  was  bubbled  through  the  solution 
in  the  dark  for  another  2  hours.  In  drawing  a  sample,  this  first  portion  was  always 
rejected  together  with  enough  of  the  imchanged  solution  to  wash  the  tube  thoroughly. 
The  bottles,  stiU  kept  in  a  dark  cupboard,  were  connected  through  a  suitable  system  of 
glass  tubes  and  stopcocks  with  the  delivery  tube  of  the  purifiers  of  the  automatic  hydro- 
gen generator,  and  the  withdrawal  of  add  samples  was  procured  by  the  admission  of  the 
gas  under  pressure  to  the  add  container.  As  is  shown  by  the  subsequent  analyses,  these 
precautions  were  quite  adequate  to  protect  the  solutions  from  serious  further  decompo- 
sition. The  small  amount  of  free  iodine  originally  present  and  still  remaining  was 
titrated  by  sodium  thiosulfate,  following  the  analytical  procedure  recommended  by 
Tread  wdl. 

In  carrying  out  the  initial  analyses  of  the  hydriodic  acid  solutions,  the  following 
routine  was  adopted.  One  of  the  wdght  burets  was  filled  with  the  standard  alkali 
while  the  other,  carefully  protected  from  the  sunlight,  contained  the  add.  A  portion  of 
add  was  run  into  an  Erlenmeyer  flask  in  which  had  been  placed  about  0. 1  liter  of  oxygen- 
free  water.  Inasmuch  as  the  hydriodic  add  was  sufficiently  concentrated  to  decompose 
somewhat  the  sodium  thiosulfate  solution,  the  major  portion  of  the  add  was  neutralized. 
Neutral  starch  paste  was  added,  and  then  exactly  enough  of  the  neutral  thiosulfate 
solution  to  discharge  the  blue  color  of  the  iodine  compound.  The  add  titration  was 
completed  in  the  usual  manner,  using  methyl  red.  Prdiminary  controls  showed  that 
the  hydrolysis  of  the  soditun  tetrathionate  did  not  appreciably  affect  the  end-point 
of  the  indicator.  In  all,  three  different  samples  of  hydriodic  acid  were  prepared  and 
careftdly  analyzed. 

The  fact  that  the  add  contained  a  little  free  iodine  and  that  there  was  the  possibility 
of  fiuther  decomposition  during  a  calorimetric  experiment  introduced  several  factors  of 
uncertainty  into  the  heat  measurements.  That  the  add  might  decompose  during 
a  determination  and  thus  lower  the  hydrogen-ion  concentration  was  recognized  and  a 
procedure  designed,  as  has  already  been  stated,  to  diminate  error  from  this  source. 
It  was  evident,  however,  that  a  simple  iodine  titration  at  the  end  of  an  experiment  would 
not  give  the  true  iodine  content  of  the  reaction  mixture,  since  some  of  the  iodine  would  be 
attacked  by  the  alkali  always  in  excess.  For  this  reason,  the  following  method  of  analy- 
sis was  adopted.  At  the  end  of  a  calorimetric  determination  the  entire  reaction- 
mixture  was  transferred  to  a  large  Erlenmeyer  flask,  starch  paste  added  and  thiosulfate 
solution  run  in  until  the  blue  color  was  discharged.  This  titration  gave  the  free  iodine 
remaining  in  the  solution.  The  liquid  was  then  slightly  addified  with  standard  hydro- 
chloric add  and  the  blue  color  again  discharged  by  the  addition  of  more  thiosulfate. 
This  gave  the  amount  of  iodine  bound  by  the  secondary  reaction;  and  the  sum  of  the  two 
titrations  gave  the  total  iodine  in  the  portion  of  add  used.  From  this,  the  toal  amount 
of  free  hydriodic  add  which  had  actually  been  neutralized  was  readily  computed. 

The  possible  effect  of  the  free  iodine,  however,  did  not  cease  here.  The  extraneous 
thermal  effects  from  the  decomposition  of  the  add  during  the  actual  calorimetric  measure- 
ment and  from  the  seoMidary  hypo-iodite  reaction  had  also  to  be  considered.  Fortu- 
nately, each  of  these  effects  was  found  to  be  negligible.    By  parallel  experiments  it  was 
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found  that  only  2  mg.  of  iodine  was  set  free  during  the  10  minutes  needed  for  the 
thermo-chemical  work,  a  quantity  too  small  to  affect  the  outcome  appreciably. 

The  solutions  used  in  the  calorimetric  work  were  all  very  close  to  a  compo- 
sition represented  by  the  general  formulas  MOH.  100  H2O  and  HX.  100 
HjO,  almost  always  within  0.2  H2O.  The  specific  heats  of  these  solutions 
were,  therefore,  within  the  limit  of  measurement,  identical  with  those 
given  in  our  previous  paper^*  for  100  H2O  solutions.  In  making  the  cal- 
culations of  the  output  of  heat  on  a  gram-molecular  basis,  however,  the 
exact  concentration  of  the  acid  solution,  which  was  always  used  as  a  stand- 
ard of  reference,  was  taken  into  accoimt,  as  will  be  seen  in  the  sequel. 

The  following  tables  are  typical  of  the  grade  of  accuracy  attained  in 
these  titrations,  all  of  which  were  performed  with  weight  burets. 

Tablb  I 

Accuracy  Attainbd  m  Titrations 

Standardization  of  HCl  reference  solution 

Haref.  sol.  AgCl  HCl 

G.  6.  % 

97.9121  9.4323  2.4507 

101.9680  9.8233  2.4508 

Standardization  of  NaOH.lOO  HsO  calorimetric  solution 


21  ref .  sol. 
G. 

NaOH  cal.  sol. 
G. 

MobHsOin 
NaOH  sol. 

45.31 

56.19 

100.205 

48.09 

59.60 

100.183 

50.01 

62.01 

100.190 

52.78 

65.43 

100.168 
Average    100.187 

Successive  tests  of  the  HCl.  100  H2O  calorimetric  solution  by  compari- 
son with  another  alkali  solution,  again  using  the  reference  solution  as 
a  standard,  gave  successive  values  for  its  molal  content  of  water  as  follows: 
100.060;  100.060;  100.058;  100.077;  in  mean  100.063.  Hence  this 
solution  had  the  formula  HCl.  100.06  H2O. 

None  of  these  weights  was  corrected  to  the  vacuum  standard,  nor  were 
the  atmospheric  conditions  diuing  weighing  taken  into  account,  tmless  these 
were  very  extreme,  since  the  possible  eflFects  of  both  these  corrections, 
especially  the  latter,  were  beyond  the  order  of  accuracy  of  the  calorimetric 
part  of  the  work.  The  vacuum  correction,  if  applied,  would  diminish 
each  final  result  by  only  about  one  part  in  14,000  or  about  1  calorie^  since 
solid  silver  chloride  was  the  standard  of  reference. 

The  Calorimetric  Determinations 
With  the  apparatus  and  solutions  prepared  as  described,  careful  calori- 
metric determinations  were  made  of  the  heats  of  neutralization  of  each 
of  the  4  acids  with  each  of  the  3  alkalies,  giving  12  varieties  of  neutrali- 
«*  Richards  and  Rowe,  This  Journal,  43, 781,  782  (1021). 
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zation  in  all.  Moreover,  each  process  was  conducted  over  two  ranges 
of  temperature,  one  finishing  somewhat  above  and  one  somewhat  below 
the  temperature  of  20.00°,  in  order  to  eliminate  as  much  as  possible  un- 
avoidable errors  in  the  calibration  of  the  thermometers.  In  a  case  like 
this  where  the  heat  capacities  of  the  factors  are  used  for  the  calculation 
of  the  result,  the  latter  corresponds  to  an  isothermal  reaction  conducted 
at  the  final  temperature.**  Each  pair  of  results,  therefore,  was  reduced 
to  the  value  at  exactly  20.00®  by  interpolation  from  the  two  values, 
one  obtained  above  and  one  below  the  point  desired.  Another  method 
of  reducing  all  the  results  to  20. 00**  would  have  been  to  apply  the  tem- 
perature coefficients  as  determined  in  the  previous  paper  to  the  restdts  for 
the  heat  of  neutralization  at  the  two  temperatures  and  take  the  average 
of  the  resulting  figures.  This  method  yields  essentially  the  same  result 
as  the  method  adopted.  The  results  at  the  higher  and  lower  temperatures 
themselves  could  have  been  used  for  the  calculation  of  the  temperature 
coefficient  of  the  reaction,  but  this  seemed  to  us  a  questionable  practice, 
since  the  temperature  change  (which  rarely  exceeded  1.5°)  was  not  large 
enough  to  give  accurate  values.  The  outcome  (which  averaged  about 
—51  cal.  per  degree)  would  represent  a  small  difference  between  large 
quantities.  Therefore  the  individual  temperature  coefficients  calculated 
from  these  results  could  hardly  be  as  accurate  as  the  values  (averaging 
also  about  —51  cal.)  calculated  from  the  change  of  heat  capacity  in  a 
previous  paper.**  The  exact  agreement  of  the  average  values  is,  how- 
ever, strong  confirmation  of  the  accuracy  of  the  combined  corrections 
which  had  been  applied  to  the  thermometer  scale. 

The  details  of  a  single  experiment,  taken  at  random,  may  be  given  to 
elucidate  the  description  (Table  II). 

The  value  thus  obtained,  namely,  13,853  calories  (18**)  represents  the 
heat  of  the  reaction  HCl.  100  H2O  +  NaOH.  100  H2O  =  NaCl.201  H2O 
at  20.61°.  In  order  to  make  sure  that  the  neutralization  was  complete 
and  that  there  was  an  excess  of  ionized  hydroxyl,  the  residual  solution 
was  titrated  with  acid.  1 .  08  cc.  was  needed  to  neutralize  it,  using  phenol- 
thalein;  and  0.40  cc.  more  was  needed  to  attain  the  neutral  point  with 
methyl  orange.  Evidently,  therefore,  an  ample,  but  not  too  great  excess 
of  sodium  hydroxide  had  been  present. 

Table  III  contains  the  simunarized  results  of  all  the  12  differ- 
ent neutralizations,  each  at  two  different  temperatures.  For  the  most 
part  the  conditions  were  essentially  the  same  as  those  described  for  the 
detailed  experiment.  In  three  of  the  earlier  determinations,  (Nos.  8,  9, 
10),  2  thermometers  were  present  in  the  calorimeter  in  order  to  make  sure 
of  equable  distribution  of  the  increasing  temperature.     Hence  in  these 

»  Richards,  This  Journal,  25, 209  (1903). 
>•  Richards  and  Rowe,  i&uf,  43,  795  (1921). 
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Table  II 
The  Nbutralization  op  NaOH .  100  HiO  by  HCl .  100  HiO 
Scries  A,  No.  4.  Feb.  5, 1911  (Serial  No.  11  in  table  below) 

Heat  capacity  of  the  calorimetric  system 

Heat  capacity 
G.  Sp.  heat         e^l./f* 

Platinum  (cans,  stirrers,  wires,  valves) 455 .29  0 .0324  14 .75 

Rubber  (valves) 2.66  0.481  1 .27 

Thermometer  II  (portion  immersed) 2 .48 

Beeswax 0.23  0.62  0.14 

Total  heat  capacity  of  apparatus  (C)  18.64 

HCl. 100.06  HiO 610.29  0.9634  687.95 

NaOH.  100.19  HjO 615.31  0.9669  594.93 

Total  heat  capacity  1201 .52 

Temperature  change 

Initial  temperature  (Ti)  corrected 16 .784** 

Final  temperature  (Ti)  corrected 20.612° 

Difference  (r,  -  TO 3.828° 

Corr.  forstem  temperature  (24.0°) -0.002 

Tt-Ti  3.826° 
Heat  evolved  (Q)  =  1201.52  X  3.826  °« 4596.9  cal. 

610.29  g.  HCl.  100.06  H,0  solution =0.33183  mol  HCl 

Therefore  heat  per  mol  acid  =  C/  =     ""^      =  13,853  cal. 

0.33183 

determinations  the  heat  capacity  of  the  apparatus  was  2().  13  units,  in- 
stead of  18.64  units,  which  was  the  value  in  Serial  Nos.  11  and  12.  In 
all  the  other  determinations  the  calorimeter  was  somewhat  strengthened 
with  extra  platinum,  but  the  second  thermometer,  having  been  found 
unnecessary,  was  omitted.  In  these  cases  (all  except  8, 9, 10, 11, 12)  the 
heat  capacity  of  the  apparatus  was  18. 98  units.  The  specific  heats  of  the 
7  solutions  containing  (per  100  mols  of  water)  one  mol  each  of  KOH,*^ 
NaOH,  LiOH,  HCl,  HBr,  HI  and  HNOs  had  been  found  in  earlier  parts 
of  the  research,  and  were  accordingly  taken  as  0.9567;  0.9669;  0.9813; 
0.9634;  0.9433;  0.9213  and  0.9583,  respectively."  As  above,  the  18*" 
calorie  is  the  heat  unit  indicated  in  the  comprehensive  table  of  data, 
since  18°  was  the  mean  temperature  in  both  the  specific  heat  and  neu- 
traUzation  determinations.  These  values  are  afterwards  expressed  in 
terms  of  20.00°  calories  and  also  of  kilojoules.  The  atomic  weights  used 
are  the  current  international  values:  H  =  1.008;  0  =  16.00;  K=39.10; 
Na  =  23.00;  U  =  6.94;  Cl  =  35.46;  Br  =  79.92;  1  =  126.92;  N  =  14.008. 

"  Attention  is  called  to  an  unfortunate  error  in  the  specific  heat  of  KOH.IOO  HsO 
in  otir  previous  paper  fRef.  24,  p.  782).  The  molecular  weight  was  wrongly  taken  as 
1859.7  instead  of  1857.7.  Accordingly  the  specific  heat  was  given  as  0.9556  instead  of  the 
true  value  0.95^.     Compare  Proc,  Am.  Acad.,  49  198  (1913). 

»  Ref.  15;  see  our  papers,  p.  198  (1913) ;  p.  1632  (1920)  and  pp.  781,  782  (1921). 


Digitized  by  VjOOQ IC 


H^ATS  OP  NEUTRALIZATION 

Tablb  III 

Heats  op  Nbutrauzation  {U)  op  Four  Acids  by  Thrbb  Bases 

Each  given  at  three  temperatures  in  18®  calories 


695 


Hydrochix>ric  Acid 


Expt. 

1 
2 
3 


Weight  of 
HClsol. 
+  100.15 

HsO 

610.20 

610.25 

610.24 


Weight  of 
KOR  sol. 


618.64 
618.68 
619.72 


Pinal 
tempera- 
ture 

»C. 

20.68 

20.61 

20.61 


corrected 

•C. 

3.864 

3.865 

3.862 


Expt. 

8 

9 
10 
11 
12 


Weight  of 
HClsol. 
+  100.06 

HtO 

610.26 

610.24 

610.16 

610.29 

610.27 


Weight  of 
NaOH  sol. 

615.24 

615.29 
615.26 
615.31 
616.31 


Pinal 
tempera- 
ture 

«C. 

20.63 

20.61 

20.68 

20.61 

20.57 


corrected 
•C. 
3.824 
3.822 
3.821 
3.826 
3.828 


Heat  of  neut.  HCl .  100  H,0  +  NaOH .  100  H,0  at  20.62'' 

13  610.22  615.42  19.50  3.841 

14  610.24  615.44  19.55  3.841 

15  610.26  615.42  19.42  3.843 

16  610.24  615.42  19.56  3.844 

Heat  of  neut.  HCl.  100  HsO  -f  NaOH.  100  H,0  at  19.50® 
Heat  of  neut.  HCl .  100  H,0  -f  NaOH .  100  HjO  at  20.00® 


13.972 
13,976 
13.973 


of  neut 

HCl .  100  H,0  +  KOH .  100  H,0  at  20.63  ® 

13.974 

4 

610.34          619.62          19.47          3.876 

14.026 

5 

610.25          619.65          19.55          3.879 

14.038 

6 

610.28          619.69          19.41          3.877 

14.031 

7 

610.26          619.62          19.58          3.879 

14,037 

Heat  of  neut.  HCl .  100  H,0  +  KOH .  100  H,0  at  19.50®  14.033 

Heat  of  neut.  HCl .  100  H,0  +  KOH .  100  H,0  at  20.00® 


13.863 
13,855 
13,848 
13.853 
13.860 

13,856 
13.912 
13.912 
13.918 
13.915 

13.914 


Uf"" 


14.007 


t/s.* 


13.888 


Expt. 

Wdght  of 
Ha 

4-  100.00 
H,0 

Weight  of 
LiOH  sol. 

Pinal 
tempera-       Tt*  —  Ti^ 
ture              corrected 

•C.                   •€. 

Ut^             Uf"" 

17 

610.30 

609.37 

20.71          3.843 

13.946 

18 

610.28 

609.37 

20.75          3.844 

13.949 

19 

610.27 

609.37 

20.68          3.844 

13,949 

Heat  of  neut.  HCl .  100  H,0  +  LiOH .  100  H,0  at  20.71  ® 

13.948 

20 

610.27 

609.42 

19.34          3.863 

14.018 

21 

610.29 

609.39 

19.33          3.864 

14,022 

22 

610.29 

609.39 

19.37          3.863 

14.019 

Heat  of  neut.  HCl.  100  H,0  +  UOH.IOO  H,0  at  19.35® 

14.020 

Heat  of  neut.  HCl .  100  H,0  -f  LiOH  -.  100  H,0  at  20.00® 

13,985 
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Hydrobromic  Acid 

Weight  of  Pinal 

HBr  Weight  of       tempera-  Tt^-Ti" 

Expt.  +  100.20  KOH  sol.  ture  corrected  l/y*  ^"' 

HfO  °C.  »C. 

23  630.20  624.78  20.67  3.847  13,945 

24  630.20  624.78  20.73  3.848  13,949 

25  630.20  624.78  20.72  3.841  13,924 

26  630.20  624.78  20.74  3.846  13,942 


Heat  of  neut.  HBr.  100  H2O  +  KOH.  100  H,0,  at  20.72''  13,940 

27  630.20  624.68  19.39  3.867  14,016 

28  630.20  624.78  20.35  3.868  14,021 

29  630.20  624.78  20.38  3.866  14,015 

30  630.20  624.78  20.38  3.866  14,015 


Heat  of  neut.  HBr.  100  H^O  +  KOH.  100  H2O  at  19.38^  14.017 

Heat  of  neut.  HBr.  100  H2O  +  KOH.  100  H2O  at  20.00°  13,981 


Weight  of 
HBr 
Expt.         +  100.20 

Weight  of 
NaOH  sol. 

Pinal 
tempera- 
ture 

corrected 

Uto 

HtO 

°C. 

^C. 

31          630.20 

618.35 

20.66 

3.810 

13,813 

32          630.20 

618.28 

20,66 

3.810 

13,812 

33          630.20 

618.35 

20.64 

3.807 

13,802 

34          630.20 

618.35 

20.72 

3.806 

13,800 

Heat  of  neut.  HBr .  100  H2O  +  NaOH .  100  H2O  at  20.67** 

13,807 

35          630.20 

618.31 

19.33 

3.823 

13,860 

36          630.20 

618.28 

19  34 

3.826 

13,871 

37          630.20 

618.33 

19.38 

3.824 

13,863 

38          630.20 

618.33 

19.36 

3.825 

13,867 

Heat  of  neut.  HBr  .100  HjO  +  NaOH  .100  H,0  at  19.35° 

13,865 

Heat  of  neut.  HBr .  100  H,0  +  NaOH .  100  H,0  at  20.00° 

Weight  of 
HBr 
Expt.         +  100.24 

Weight  of 
LiOH  sol. 

Pinal 
tempera- 
ture 

corrected 

Uj-o 

H.O 

«»C. 

«C. 

39          630.27 

612.38 

20.74 

3.835 

13,974 

40          630.28 

612.39 

20.70 

3.833 

13,967 

41          630.27 

612.40 

20.71 

3.833 

13.967 

42          630.27 

612.27 

20.67 

3.833 

13.967 

Heat  of  neut.  HBr .  100  H,0  +  UOH .  100  HjO  at  20.71°  13,969 

43  630.28  612.40  19.36  3.849  14,026 

44  630.29  612.39  19.38  3.851  14,033 

45  630.28  612.39  19.40  3.852  14,036 

46  630.29  612.38  19.38  3.851  14,033 


13,836 


Heat  of  neut.  HBr .  100  H2O  +  LiOH .  100  H,0  at  19.38°  14,032 

Heat  of  neut.  HBr .  100  H2O  -f  UOH .  100  H2O  at  20.00°  14,002 

Hydriodic  Acid* 

Weight  of         Weight  of  Pinal  Tt'-ri" 

Expt.  HI  sol.  KOH  sol.      temperature  corrected  C/'yo  I/m* 

•C.       •€. 

47    640.30    627.39    20.49  3.821     13.886 
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48  640.27  622.37  19.31  3.827  13,945 

49  640.32  637.41  19.30  3.776  13.935 
Heat  of  neut.  KOH .  100  HjO  +  HI .  100  HjO  at  19.30''             13,940 

Heat  of  neut.  KOH .  100  HsO  -f  HI .  100  H,0  at  20.00''  13,908 

Weight  of  Weight  of  Final  rs^-Ti* 

Expt.  HI  sol.  NaOH  sol.     temperature     corrected  Uj^o  Uto^ 

°  C.  °  C. 

50  640.32  619.42  20.66  3.788  13,742 
61          640.29          619.42          20.69          3.787  13,738 


Heat  of  neut.  NaOH .  100  HjO  +  HI .  100  HjO  at  20.67°  13,740 

52  640.29  619.41  19.35  3.810  13,806 

53  640.31  619.38  19.31  3.810  13,812 

54  640.27  619.42  19.35  3.809  13,801 


Heat  of  neut.  NaOH .  100  HjO  +  HI .  100  H,0  at  19.34°  13,806 

Heat  of  neut.  NaOH .  100  H2O  +  HI .  100  H2O  at  20.00°  13,773 

Weight  of         Weight  of  Final  Ti*'-Ti^ 

Expt.  HI  sol.  LiOH  sol.     temperature      corrected  £^'7^0  Uto° 

55  640.30  607.40  20.72  3.834  13,884 

56  640.30  607.37  20.70  3.827  13,880 


Heat  of  neut.  UOH .  100  HjO  +  HI .  100  HjO  at  20.71  °  13,882 

57  640.30  607.40  19.44  3.844  13,941 

58  640.30  607.37  19.45  3.846  13,949 

59  640.30  607.37  19.45  3.8-15  13,946 


Heat  of  neut.  LiOH .  100  H,0  +  HI .  100  H,0  at  19.45°  13,945 

Heat  of  neut.  LiOH .  100  H,0  +  HI .  100  H2O  at  20.00°  13.918 

*  In  each  of  these  individual  detenninations  the  amotmt  of  hydriodic  add  actually 
neutralized  was  carefully  determined  in  the  way  already  described.  The  individual 
amounts  of  HI  in  determinations  Nos.  47  to  59  inclusive  were,  respectively,  42.563, 
42.283;  42.250;  42.583;  42.582;  42.634;  42.613;  42.634;  42.565;  42.568;  42.570;  42.568 
and  42.565  g.  The  full  details  of  these  laborious  determinations  would  take  too  much 
space  here,  but  the  several  quantities  must  be  used  in  the  calculation  of  U. 


C^jf* 


Nitric  Acid 

Cxpt. 

Weight  of 

HNO.  H- 

100.19 

Weight  of 
KOH  sol. 

Pinal 
temperature 

corrected 

Uto 

H«0 

«C. 

•c. 

60 

620.24 

620.66 

20.62 

3.862 

14,040 

61 

620.27 

620.62 

20.66 

3.863 

14,043 

62 

620.25 

620.63 

20.61 

3.862 

14,038 

of  neul 

..  KOH.  100  H,0  +  HNO,.  100  HjO  at  20.63° 

14,040 

63 

620.24 

620.17 

19.47 

3.885 

14.119 

64 

620.24 

620.65 

19.49 

3.876 

14,091 

65 

620.24 

620.64 

19.49 

3.880 

14,106 

66 

620.24 

620.62 

19.50 

3.880 

14,106 

67 

620.27 

620.64 

19.57 

3.882 

14,112 

68 

620.26 

620.64 

19.55 

3.884 

14,120 

Heat  of  neut.  KOH .  100  H,0  +  HNO, .  100  H,0  at  19.52°        14,109 

Heat  of  neut.  KOH .  100  HiO  +  HNO, .  100  H,0  at  20.00°  14.079 
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Expt. 

Weight  of 

HNO.  + 

100.17 

Weight  of 
NaOH  sol. 

Pinal 
temperature 

corrected 

Uto 

HtO 

•c. 

•c. 

69 

620.25 

614.62 

20.64 

3.795 

13,800 

70 

620.25 

614.62 

20.55 

3.796 

13,803 

71 

620.27 

614.65 

20.48 

3.798 

13,810 

72 

615.24 

614.67 

20.65 

3.778 

13,795 

Heat  of  neut.  NaOH .  100  H,0  +  HNOi .  100  H,0  at  20.65^ 

13,802 

73 

620.26 

614.58 

19.29 

3.810 

13.855 

74 

620.18 

614.69 

19.43 

3.809 

13,853 

75 

620.27 

614.68 

19.33 

3.813 

13,866 

76 

620.24 

614.62 

19.38 

3.811 

13,858 

77 

620.27 

614.62 

19.32 

3.815 

13,873 

78 

620.25 

614.67 

19.37 

3.812 

13,862 

79 

620.25 

614.67 

19.47 

3.813 

13,865 

Heat  of  neut.  of  NaOH.  100  H,0  +  HNOj.lOO  H,0  at  19.37 

M3,862 

Heat  of  neut.  of  NaOH .  100  H,0  +  HNO,.100  H,0  at  20.00** 

Expt. 

Weight  of 

HNOa  + 

100.19 

Weight  of 
UGH  sol. 

Pinal 
temperature 

corrected 

Uto 

H«0 

•c. 

•c. 

80 

620.27 

610.37 

20.68 

3.786 

13,823 

81 

620.27 

610.35 

20.66 

3.786 

13,823 

82 

620.29 

610.40 

20.72 

3.787 

13,826 

83 

620 .32« 

611.85 

20.68 

3.785 

13,824 

84 

620. 32« 

611.82 

20.68 

3.785 

13,824 

Heat  of  neut.  LiOH  .100  H,0  +  HNO,.100  H,0  at  20.690'' 

13,824 

85 

620.27 

610.37 

19.31 

3.804 

13,887 

86 

620.29 

610.37 

19.29 

3.805 

13,891 

87 

620.29 

610.39 

19.29 

3.805 

13,891 

88 

620. 29* 

615.37 

19.33 

3.797 

13,891 

89 

620.30* 

611.82 

19.33 

3.804 

13,893 

Heat  of  neut.  LiOH .  100  H,0  +  HNO, .  100  H,0  at  19.30  ** 

13,890 

Heat  of  neut.  LiOH .  100  H,0  +  HNO, .  100  H,0  at  20.00** 

t/M« 


13,830 


13,856 

*  These  four  determinations  were  made  subsequently  to  the  others  with  en- 
tirely new  solutions.  The  new  nitric  add  solution  was  of  the  composition  HNOi .  100.09 
HsO,  a  circtunstance  which  must  be  taken  into  account  in  calculating  these  four  deter- 
minations. 

After  the  conclusion  of  these  systematic  determinations,  which  took 
many  months,  a  single  confirmatory  calorimetric  determination  was  made 
with  each  pair  of  solutions  (excepting  those  pairs  including  potassium 
hydroxide,  of  which  all  our  pure  material  had  been  exhausted).  In  some 
cases  fresh  solutions  were  prepared  and  analyzed;  in  others  new  analyses 
were  made  of  solutions  used  before.  The  confirmation  was  on  the  whole 
very  good,  the  mflYimiim  deviation  of  a  single  determination  from  the 
appropriate  average  given  above  being  less  than  0.07%,  and  the  mean 
deviation  being  only  0.04%.  These  check  delccminatkms  were  made 
at  various  temperatures  in  the  neighborhood  of  20.00®;   of  course,  the 
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temperature  coeflScient  of  the  reaction  was  duly  reckoned  into  this  cal- 
culation. The  satisfactory  agreement  of  these  ''control"  determinaticms 
tends  to  show  that  no  serious  accidental  error  could  have  entered  into  the 
work.  Even  if  some  unsuspected  constant  error  should  have  been  present, 
it  must  have  aflFected  all  the  results  alike,  and  hence  be  without  effect 
on  the  comparison  of  the  several  values. 

This  being  the  case,  it  is  a  matter  of  great  interest  to  compare  the  re- 
sults with  one  another,  and  of  still  greater  interest  to  compare  them  with 
values  of  heats  of  neutralization  at  other  concentrations.  First,  the 
values  may  be  tabulated  as  follows  (each  augmented  by  0.05%  in  order 
to  convert  it  to  terms  of  the  20.00°  calcuie,  and  also  reduced  to  kilo- 
joules)  in  parallel  columns  (1  cal.  (20.00'')    -  0.004180  kj.). 

TablrIV 

VaLUBS  of  Ufo'*  OF  Nbutrauzation  Ym^DING  MX  .201  HjO 
In  20**  calories  and  kilojoules 
KQH  NaOH  LiOH 

Old.  Kj.  Cal.  Kj.  Cal.  Kj. 

HCl 14,014        58.58         13,895        58.08  13,993        58.49 

HBr 13.988        58.47         13.843        57.86  14,009        68.56 

HI 13.916        68.16         13.780        57.60  13,-926        68.21 

HNO, 14.086        58.87         13,837        57.83  13,863        67.94 

The  values  thus  arranged  show  some  systematic  tendency:  in  par- 
ticular, those  for  potassium  salts  are  always  greater  than  those  for  sodium 
salts,  and  those  for  bromides  always  greater  than  those  for  iodides.  Never- 
theless in  other  cases  they  exhibit  distinct  irregularity. 

For  the  sake  of  completeness  the  temperature  coefficients  of  six  of  these 
heats  of  neutralization  are  given  below,  having  been  calculated  from  the 
heat  capacities  of  factors  and  products  in  our  previous  paper  (p.  795). 
The  necessary  data  for  the  other  six  have  not  yet  been  determined,  but 
win  be  studied  in  the  near  future. 

Tablb  V 

TbmPSRATURB  COBFFIcmNTS  OF  HBATS  OF  NEUTRALIZATION 

In  calories  and  kilojoules  per  1** 

G.  calorie  units  Kilojoule  units 

HCl.  100  HtO  HNOs.lOO  HtO  HCI.lOO  HtO  HNOs.lOO  HtO 

LtOH(lOOHiO) -55.4  -53.6  -0.232  -0.224 

NaOH(100H,O) -52.7  -50.5  -0.220  -0.211 

KOH(lOOHiO) -48.4  -45.1  -0.202  -0.189 

Av -52.1  -49.7  -0.218  -0.209 

Most  properties  of  solutions  tend  toward  greater  regularity  with  in- 
creasing dilution.  Therefore,  it  is  desirable  to  discover  the  change  in  heat 
of  neutralization  with  increasing  volume;  this  was  indeed  one  of  the  chief 
objects  of  the  research.    The  calorimetric  work  (rf  others  was  not  suffi- 
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dently  precise  to  form  the  basis  of  any  certain  conclusions  with  regard 
to  the  question.  Our  data,  however,  furnish  exactly  the  best  means 
of  securing  the  desired  values.  For  example,  the  heat  of  the  reaction 
NaOH.  200  HtO  +  HCl.  200  H,0  =  NaCl.  401  H,0  may  be  obtamed  from 
the  data  concerning  more  concentrated  solutions  by  simply  taking  account 
of  the  heats  of  dilution  of  factors  and  products,  without  performing  anew 
the  actual  experimental  calorimetric  neutralization  of  the  dilute  solutions. 
The  needed  heats  of  dilution  are  implied  in  the  figures  recorded  in  our 
next  previous  pubUcation.^*  Each  value  needed  for  this  particular  case 
may  be  obtained  very  simply  by  subtraction  of  two  figures  there  given; 
e.  g.,  in  the  case  of  sodium  hydroxide,  the  value  — 127  given  for  the  re- 
action NaOH.  10  HfO  +  90  HiO  is  subtracted  from  the  value  -156 
given  for  the  reaction  NaOH.  10  HiO  +  190  HiO.»*  The  difference 
(-29  cal.)  is  the  heat  of  dUution  of  NaOH.  100  HiO  to  NaOH. 200  HjO. 
Applying  the  values  thus  calculated  to  the  case  in  hand  (transposing 
the  dilution  equations  of  the  factors)  we  obtain  the  following  t3rpical 
thermochemical  calculation,  which  gives  the  desired  heat  of  neutraliza- 
tion in  the  more  dilute  solution. 

NaOH .  100  H,0  +  HQ .  100  H,0 «NaCl  .201  H,0  +  13,896  cal. 
NaCl  .201  HiO  +  200  HiO-NaCl  .401  H,0  -  20  caL 
NaOH  .200  H,0=NaOH  .100  HiO  -h  100  H,0  +  29  cal. 
HCl  .200  H,0 =HC1 .  100  H,0  +  100  H,0-79  cal. 

Therefore 

NaOH  .200  HjO  +  HCl  .200  HiO=Naa  .401  H,0  +  13,826  cjil. 

This  result  was  satisfactorily  confirmed  by  a  series  of  direct  neutraliza- 
tion experiments  with  the  above  named  dilute  solutions,  carrying  out 
calorimetrically  the  reaction  NaOH. 200  HjO  +  HCl. 200  H,0  =  NaCl.  - 
401  H2O.  These  experiments  were  made,  indeed,  before  the  determination 
of  the  heat  of  dilution  of  the  salt  solution  had  made  the  above  calculation 
possible.  Ten  determinations  of  this  kind  were  made;  the  final  tempera- 
tures (varying  from  17.44®  to  20.65°)  averaged  18.89°,  and  the  average 
rise  of  temperature  was  about  1.9°.    Naturally  the  agreement  between 

**  Ref.  24,  pp.  779,  780.  It  should  be  noted  that  the  heat  of  dilution  of  NaQ  .201 
HsOtoNaCl.401  HtO  is  0.3  cal.  different  from  that  of  NaCl.  200  HsO  to  Naa.400  HtO, 
as  found  from  the  ciures  giving  heats  of  dilution  at  various  concentrations.  Even  with 
double  these  concentrations  the  added  molecule  of  water  also  makes  less  than  1  caL 
di£Ference.  Only  in  the  case  of  potassium  nitrate  is  the  correction  important  (4  caL) 
with  this  concentration.  On  diluting  salt  solutions  containing  as  little  as  50  HsO  the 
extra  molecule  has  a  more  important  effect,  amounting  to  the  following  quantities :  KCl, 
3  cal.;  KNOs.  13  cal.;  NaCl,  6  cal.;  NaNOs,  8  cal.;  LiCl  3  cal.;  LlNOi,  0.6  cal.  AH 
these  corrections  are  applied  in  the  table  following.  The  sign  of  each  correctioo  Is  obvi- 
0118;  in  each  case  it  ^tmtfHiAej  the  thermal  effect. 

*<*  These  values  are  more  trustworthy  than  those  from  NaOH.  5.77  HsO,  since  these 
latter  were  the  first  dflutlon  experiments  carried  out,  and  were  less  satisfactory  in  many 
wairs  than  the  later  experimenU. 
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the  successive  results  was  less  satisfactory  than  with  the  more  concen- 
trated solutions;  the  values  ranged  between  0.15%  above  to  0.15% 
below  the  mean,  after  correcting  each  value  to  the  same  temperature, 
and  the  ''probable  error"  of  the  average  result  (13,879  caL  IS"")  was 
about  3  cal.  This  evolution  of  heat  corresponds  to  the  isothermal  reac- 
tion at  18. 89**;  and  we  need  that  at  20.  OO"".  The  temperature  coefficient 
of  the  reaction  may  be  found  as  usual  from  the  difference  of  the  heat 
capacities  of  factors  and  products  on  dilution'^  as  follows  (the  signs 
in  the  second  and  third  equations  below  being  changed,  because  they 
apply  in  the  reverse  direction). 

HU/iiT 
NaOH .  100  HiO  -f  HCl .  100  H,0 -NaCl .201  HiO  -  -62 .7 
NaOH  .200  HiO =NaOH .  100  HiO  +  100  H2O        =  -  6 .3 
HCl  .200  H,0=HC1 .100  HiO  +  100  H,0»»  =  -  1 .3 

NaCl  .201  HiO  -h  200  H>0 =NaCl .  401  H|0  »  -h  4 .9 

NaOH  .200  H,0  +  HC  .1200  HtO  -NaCl.401  H,0  =  -54  4 
The  decimals  of  these  figures  can  hardly  be  certain,  but  the  outcome 
is  exact  enough  to  show  that  the  temperature  coefficient  of  the  dilute 
neutralization  is  not  far  from  —54.4  cal./**C.  The  value  13,879  cal.  at 
18.89  °  then  becomes  13,819  cal.igp  when  corrected  to  20.00**,  or  13,826 
cal.2o«* 

The  agreement  of  this  result,  13,826,  with  that  calculated  in  the  more 
satisfactory  way  from  the  data  for  more  concentrated  solutions,  with  the 
help  of  dilution-heats,  namely,  13,825,  must  be  partly  accidental,  since 
it  is  much  within  the  limit  of  error  for  the  quantities  concerned.  Evidently 
the  "control"  thus  afforded  as  to  the  data  for  all  of  the  properties  in- 
volved is  entirely  satisfactory. 

The  method  of  calculation  from  dilution-heats,  being  far  more  conven- 
ient and  probably  more  exact  than  the  direct  determination  in  very  dilute 
solutions,  was  used  in  calculating  also  the  heats  of  neutralization  of  the 
five  other  processes  for  which  data  were  available.  Not  only  the  values 
for  the  more  dilute  solutions  were  thus  obtained;  the  values  of  the  heats 
of  neutraUzation  for  more  concentrated  solutions  were  calculated  in  a 
similar  fashion.  For  example,  to  compute  the  heats  of  the  reaction 
HCl.  50  H2O  +  NaOH  ,50  H2O  =  NaCl.  101  H2O  the  foUowing  equations 
are  employed. 

NaOH.  100  H,0  -h  HCl.    100  H,0  =NaC1.201  H,0  -h  13,895  cal. 
NaOH.50  H,0  -h  50  H,0  =NaOH.100  HtO  -  72  cal. 
HCl.50  H,0  -h  50  H,0  =  HCl.  100  H,0  -f-  133  cal. 
NaCl.201  H,0  =  NaCl.  101  H,0  -h  100  H,0  -h  63  cal. 

Therefore 

NaOH. 60  HiO  +  HC1.60  HgO  -  NaCl. 101  H,0  -h  14,009  (cal.  aoO. 

5»>Rcf.  24,  pp.  779,  780,  796. 

**  Taken  from  the  curve  in  our  paper  of  1920  on  p.  1684. 
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In  the  same  way  the  reaction  NaOH.  26  HaO  +  HCl.  25  HjO  was  found 
to  give  14,227  cal. 

For  the  stage  of  dilution  involving  factors  containing  400  mcis  of 
water,  it  was  needful  to  obtain  the  corresponding  values  of  heats  of  di- 
lution of  the  products  (to  0.0695  N,  containing  801  HsO)  by  alight 
extrapolation  from  the  experimental  results.  This  was  done  on  a  large 
scale  with  great  care;  curves  were  drawn  like  those  in  the  next  previous 
paper,  using  calories  instead  of  kilojoules.^  Thus  the  heats  of  dilution 
of  the  several  salt  solutions  from  201  to  801  mols  of  water  were  found  to 
be  as  follows:  KCl,  -26;  KNOs,  -218;  NaCl,  -31;  NaNO,,  -112; 
LiCl,  +62;  LiNOs,  +43  cal.  These  values  were  combined  as  before 
with  the  appropriate  values  found  directiy  for  the  alkaUes  and  adds  (di- 
luted from  100  to  400  mols  of  water)  to  calculate  the  heats  of  neutraliza- 
tion of  these  very  dilute  solutions.  The  experimental  errors  are  greatly 
magnified  in  the  calculation,  therefore  the  results  are  necessarily  less 
trustworthy  than  those  with  greater  concentrations;  but  at  least  they  pre- 
sent the  best  information  now  available  concerning  the  questions  diiefly 
at   issue. 

The  results  thus  found  are  recorded  in  the  following  double  table  which 
records  all  the  values  first  in  20^  calories  and  again  in  kilojoules. 

H^TS  OF  N9UTRAUZATION  AT  VARIOUS  CONCONTRATION8 

In  20"*  calories  (teii4>eratiire  20"*) 


Extra- 

Mols HsO 

polated 

In  factors  » 

26  +  25 

60-1-60 

100 -h  100 

200+200 

400-1-400  (Parabolic) 

In  products  >■ 

61 

101 

201 

201 

801 

p  nikni*^ 

Reaction 

KOH    -1-  HCl 

14,669 

14,209 

14,014 

13,906 

13.819 

13,095 

KOH    +  HNOi 

14,724 

14,326 

14.086 

13,934 

13,834 

13,700 

NaOH  -1-  HCl 

14,228 

14,009 

13.896 

13,826 

13.761 

13,660 

NaOH  H-  HNOi 

14,012 

13,892 

13,837 

13,790 

13,766 

13,706 

LiOH    +  HCl 

14,438 

14,149 

13.993 

13,889 

13.803 

13.686 

LiOH    -}-  HNO, 

13,986 

13.906 

13,863 

13.826 

13,788 

13.716 

In  kilojoules  (temperature  20**) 
(1  ldlojoule»  4,180  calories  (20'')) 


Average 


13.693 


KOH    -f  HCl 

60.90 

69.39 

68.58 

58.12 

57.76 

67.26 

KOH    -f  HNO, 

61.66 

69.88 

68.88 

68.24 

67.83 

67.27 

NaOH  +  HCl 

69.47 

68.66 

68.08 

57.79 

67.62 

67.10 

NaOH  +  HNOi 

58.67 

68.07 

57.84 

57.64 

67.60 

57.29 

UOH    -h  HCl 

60.33 

59.14 

68.49 

68.06 

67.70 

67.20 

I4OH    -h  HNO, 

58.46 

58.12 

57.95 

57.79 

67.63 

57.33 

Average  67.24 

All  the  figures  (excepting  the  last  column)  in  the  upper  half  erf  this 
•<  Sec  Ref .  24,  p.  786. 
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table  were  plotted  with  care.  Smooth  curves  were  then  drawn  by  means 
of  a  device  similar  in  principle  to  the  curve  nderof  Lord  Berkeley.**  The 
result,  of  which  the  more  important  part  is  depicted  in  Fig.  2,  is  striking. 
The  curves,  which  are  nearly  straight  Unes  with  concentrated  solutions, 
converge  with  increasing  dilution,  apparently  tending  almost  toward  a 


±hiH±H 


DL5  1  IS  Sirmai  2.0 

Fig.  2. — Heats  of  neutralization  (at  20°)  of  all  concentrations  up  to  60  HjO  per 
mol  of  acid  or  alkali,  for  3  bases  and  2  acids.  Kilogram  calories  are  plotted  as  ordi- 
nates;  concentrations  in  mols  acid  or  alkali  per  100  HsO  of  initial  solutions  are  plotted 
as  abscissas.  N,  0.5N  and  0.25N  solutions  are  approximately  indicated  by  broken 
vertical  lines.  The  extrapolation  is  i>arabolic,  based  upon  the  left  hand  known  portions 
of  the  curves  as  drawn  with  a  flexible  ruler  under  suitable  unequal  stresses. 

single  point.  This  point  should  give  the  heat  of  the  reaction  H"*"  +  OH" 
=  H2O.  Accordingly,  the  extrapolation  of  these  curves  is  a  matter  of  inter- 
est. Trial  showed  that  the  ruler  had  given  their  left  hand  branches  a 
near-parabohc  shape,  although  the  right  hand  extremities  are  almost 
linear.  Accordingly,  at  first  parabolic  equations  were  used  for  extrap- 
olating to  infinite  dilution  in  order  to  obtain  a  maximum  value  (see 
below).  For  example,  the  parabola  corresponding  to  potassium  nitrate 
»«  Lord  Berkeley.  Phil.  Mag.,  24, 664  (1912) ;  Richards  and  Sameshima;  This  Jour- 
nal, 42,  51  (1920). 
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had  its  focus  at  the  point  (outside  the  diagram)  %  =  0. 348  and  y  =  13. 446 
with  the  parameter  0. 87  cal.  This  fits  all  four  known  points  on  the  dia- 
gram. Similar  equations  with  decreasing  parameters  were  fotmd  for  the 
other  curves,  and  with  their  help  all  the  ciu^es  were  extrapolated  to 
infinite  dilution.  The  values  thus  fotmd  are  recorded  in  the  last  column 
of  the  foregoing  table.  The  average,  13. 69  Cal.,  may  be  supposed  to  be 
a  maximum  value  for  the  heat  of  ionization  of  water,  since  the  order  of 
the  curves  can  hardly  be  less  than  quadratic. 

The  nearly  linear  character  of  the  right  hand  ends  of  the  curves  suggests 
the  hyperbola;  and  this  conic  section  also  was  tested.  An  h3rperbola 
in  which  C  =  1.065,  and  the  latus  rectum  =  0.65,  with  focus  at  point 
X  =  0.325  and  y  =  13.54  corresponds  well  with  all  the  points  in  the 
potassium  nitrate  ciu-ve,  even  with  the  heat  of  neutralization  of  the  most 
concentrated  solution.  This  hyperbola  cuts  the  y  axis  at  the  point  13 .  67 — 
somewhat  below  the  point  given  by  the  parabola.  The  nearest  hyperbo- 
las to  the  other  ciu-ves  also  cut  the  y  axis  at  lower  points  than  the  para- 
bolas, but  the  agreement  of  these  calculated  curves  with  observed  points, 
as  well  as  the  agreement  between  the  resulting  extrapolated  values,  is 
not  much  better  than  in  the  case  of  the  parabolas. 

According  to  either  method  the  extrapolated  values  are  not  very  con- 
cordant, the  extremes  differing  by  nearly  0.4%.      This    difference   is 

not  larger  than  many  other  ther- 
mochemical  discrepancies,  but  it 
is  worthy  of  consideration,  since 
although  many  data  are  involved 
in  each  number,  even  the  sum  of 
possibly  accumulated  experimen- 
tal inacciu-acies  could  hardly  ex- 
plain the  difference  between  the 
values  for  sodium  chloride  and 
lithium  nitrate.  Extrapolation  of 
ciu-ves  which,  like  these,  are  the 
result  of  the  superposition  of  many 
individually  undetermined  tenden- 
cies, is  an  imcertain  procedure. 
Probably  the  assumption  of  para- 
bolic ciuvatm-e  is  unwarranted;  it 
Fig.  3.— Heats  of  neutralization.  Extra-  certainly  does  not  apply  to  the  left 
polated,  assuming  exact  convergence,  to  a  hand  branches  of  the  ciuves.  For 
compromise  point.  ^^^^^  alternatives   (including   the 

logarithmic,  and  equations  of  higher  powers)  space  is  lacking.  An 
entirely  different  mode  of  attacking  the  problem  is  to  assume  that 
the  curves  must  come  together  at  infinite  dilution,  and  find  a  point 


Digitized  by  LjOOQ IC 


HEATS  OF  NEUTRALIZATION  705 

which  seems  to  accomplish  their  convergence  smoothly.  Such  a  point 
could  hardly  correspond  to  more  than  13,620  calories  (on  account  of 
the  shape  of  the  sodium  chloride  curve)  and  might  correspond  to  less. 
A  small  diagram  (Fig.  3)  repeats  the  neighboring  known  portions  of 
the  curves,  and  depicts  this  alternative  assumption.  On  the  whole 
this  treatment  of  the  results  seems  more  reasonable  than  the  other.  When 
thus  extrapolated,  the  curves  show  quaUtative  likeness  to  the  well- 
known  curves  recording  electrolytic  conductivity.  That  heats  of  dilu- 
tion (upon  which  these  curves  depend)  give  a  verdict  not  very  different 
from  that  of  conductivity  has  been  already  pointed  out.'* 

The  final  answer  to  the  interesting  questions  thus  raised  must  await 
further  experimental  investigation,  involving  also  other  salts,  and  yet 
greater  dilution.    This  will  be  undertaken  here  in  the  near  future. 

The  diagram  (Fig.  2)  is  a  convenient  table  of  reference;  it  possesses 
no  greater  probable  error  than  the  results  themselves.  The  heat  of 
neutralization  for  any  dilution  of  acid  and  alkali  less  than  1 .  25  iV  may 
obviously  be  read  off  directly  from  the  graph,  provided  that  the  acid  and 
alkali  both  have  the  same  concentration.  If  their  concentration  is  differ- 
ent, the  appropriate  heats  of  dilution  must  be  duly  entered  in  the  reckon- 
ing. For  convenience,  normal,  half  normal,  and  quarter  normal  concen- 
trations are  marked  approximately  on  the  diagram.** 

The  previous  published  results  of  others,  insofar  as  they  may  be  com- 
pared with  these,  are  usually  much  lower. *^  The  most  detailed  of  the 
earlier  work  seems  to  have  been  done  by  Wormann,  but  his  outcome 
differs  from  om-s  in  many  respects.  There  are  really  no  results  available  in 
the  literature  which  satisfactorily  cover  the  ground  of  the  present  ones. 
Very  few  experimenters  have  given  data  suitable  for  even  a  rough  ex- 
trapolation to  infinite  dilution. 

»  Ref.  24,  p.  793. 

s«  Normal  solutions  of  potassium  and  sodium  hydroxides,  and  hydrochloric  and 
nitric  acids  (at  18*)  have  respectively  the  formulas  KOH.  65.1  H»0;  NaOH.55.6  HiO; 
HCl.54.4  HsO;  HNOs.53.8  HsO,  calculated  from  the  well-known  densities  of  these  solu- 
tions. That  is  to  say,  for  each  100  mols  of  water  there  are  present  1.815,  1.799,  1.838 
and  1.859  mols  of  these  substances,  respectively.  The  average  concentrations,  thus 
given,  of  each  neutralizing  pair  of  these  solutions  fix  the  course  of  the  slightiy  irregular 
nearly  vertical  dotted  line  in  Fig.  2  which  indicates  closely  the  heat  of  neutralization  of 
normal  solutions.  (Of  course,  to  be  absolutely  exact,  heats  of  dilution  should  be  con- 
sidered in  fixing  the  points;  but  the  solutions  are  so  nearly  equally  hydrated  that  this 
precaution  would  be  supererogatory  with  the  present  data.)  Half  normal  and  quarter 
normal  lod  are  also  noted.  In  a  similar  way,  the  heats  of  dilution  of  normal  solutions 
can  easily  be  found  from  the  appropriate  curves  given  in  the  previous  paper.  (Ref. 
24,  p.  786.) 

'^  The  following  table  giving  values  for  NaOH  -|-  HCl  will  serve  as  an  example  of  the 
comparison ;  the  first  column  of  figures  gives  the  heat  of  neutralization  as  recorded  by  the 
observers;  the  second  colunm,  the  average  final  temperature  of  the  determination;  the 
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The  greater  values  with  greater  concentrations  are,  of  course,  dependent 
upon  the  varying  heats  of  dilution  of  the  several  factors  and  products. 
These  are  specific  properties  of  the  individual  compounds.  In  such  a 
case  as  potassium  nitrate,  the  effect  of  the  salt  is  very  great.  The  interest- 
ing specific  curves  of  the  several  substances  recorded  in  this  paper  tempt 
yet  further  discussion;  they  are  bound  to  assist  in  the  final  interpretation 
of  the  nature  of  electrolytic  solutions.  For  the  present,  however,  this 
discussion  may  be  postponed.  Evidentiy  the  new  residts  do  not  especially 
favor  the  recent  theory  that  strong  electrolytes  are  wholly  dissociated 
in  moderately  concentrated  solutions.  As  already  stated,  one  of  us  hopes 
to  continue  the  experimental  investigation  of  the  problem,  with  other 
substances  and  greater  dilutions. 

In  conclusion,  the  authors  take  pleasure  in  expressing  their  indebted- 
last  column,  each  heat  of  neutxalization  reduced  to  20.00^  by  the  temperature  co- 
efficient found  by  the  observer  in  question. 
Observer  U  Tt  Uto"*  Concentration 

Richards  and  Rowe 13895        20.00        13806  HCli.lOO  HiO.  etc. 

Thomsen 13627        24.60        13814  HCli.lOO  H,0.  etc. 

14247        10.14 
["Thermochemische  Untersuchungcn."  I,  pp.  63,  64  (1882)] 

Berthelot 13690  ?  13690  (?) 

V.  Steinwehr 14086        11 .80        13630  (?)         Very  dilute  solution 

Wdrmann 13731        19.86        13723  0.6  iV 

13739        18.46        13668  0.26  iV 

13703        17.08        13661  0.1  N 

RumeHn 14100        11.40        13630  (?)         Very  dilute  solution 

Richards  and  Rowe 13880        20.00        13880  0.6  iV 

Thomsen's  first  results  were  obtained  in  a  roundabout  way  involving  the  neutraliza- 
tion of  sulfuric  acid  and  precipitation  of  barium  sulfate.  His  later  results  are  better  in 
every  respect,  but  his  temperature  coefficient  is  too  low,  for  some  unexplained  reason. 
Wdrmann's  results  are  the  most  complete  and  systematic.  He  seems  to  have  missed 
the  effect  of  concentration  with  moderately  dilute  solutions,  because  he  calculated  his 
results  for  the  mean  temperature  and  not  for  the  final  temperature  of  the  reaction,  ap- 
parently using  the  heat  capacities  of  the  factors  in  his  calculation.  His  temperature 
coefficients  average  nearly  the  same  as  ours,  given  in  the  previous  paper.  His  results 
for  potassium  salts  were  much  higher  than  those  for  sodium  salts,  although  still  lower 
than  ours  when  correction  is  made  to  the  same  temperature.  Probably  his  potassium 
hydroxide  was  purer  than  his  sodium  hydroxide.  The  work  of  J.  A.  Muller  [Bull.  soc. 
chim,,  [4]  23,  8  (1918)],  on  potassium  chloride  and  sulfate  is  very  briefly  stated.  He 
extrapolated  to  infinite  dilution  but  his  method  of  extrapolation  is  not  wholly 
clear.  If  the  heat  of  dilution  of  the  adds  needs  to  be  applied,  that  of  the  salt 
solutions  also  should  be  considered.  As  usual,  heed  is  not  given  to  the  fact  that 
when  the  heat  capacities  of  the  factors  are  used,  the  result  corresponds  to  the  final 
temperature.  MuUer's  results,  as  stated,  are  therefore  not  comparable  with  ours. 
The  interesting  result  of  A.  A.  Noyes,  Y.  Kato  and  R.  B.  Sosman  [This  Journal, 
32,  169  C1910)],  13966  at  20"*,  was  calculated  rather  indirectly  from  the  hydrolysis 
of  ammonium  acetate.  It  agrees  much  better  with  our  result  than  with  earlier  ones 
and  is  perhaps  as  near  as  could  be  expected  tmder  the  circumstances. 
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ness  to  the  Carnegie  Institution  of  Washington,  which  through  generous 
subsidy  alone  made  possible  the  execution  of  this  costly  research. 

Summary 

The  results  of  this  investigation  may  be  summarized  as  follows. 

!•  The  most  serious  errors  in  work  of  this  kind  were  shown  to  be  ir- 
regularity of  mixing  and  presence  of  carbonate  in  the  hydroxides,  besides, 
of  course,  inadequate  avoidance  of  loss  of  heat  by  cooling. 

2.  Solutions  of  uniform  molal  concentration  (+  100  H2O)  of  nitric 
and  the  three  halogen  acids  and  of  three  alkaline  hydroxides  have  been 
mutually  neutralized  calorimetrically  in  all  possible  pairs  over  two  ranges 
of  temperatures  not  far  apart,  and  the  results  interpolated  exactly  to 
20°.  The  values  ranged  from  13,750  to  14,085,  sodium  hydroxide  giving 
the  lowest  values  among  the  bases,  and  hydriodic  add  among  the  acids. 

3.  Check  determinations  based  upon  different  analyses  and  performed 
independently  at  various  temperatures  showed  complete  agreement  with 
the  values  originally  obtained. 

4.  With  the  help  of  the  heats  of  dilution  of  factors  and  products, 
previously  determined,  the  heats  of  neutralization  at  other  concentrations 
have  been  determined,  and  these  have  been  extrapolated  in  two  ways 
through  a  short  range  to  infinite  dilution. 

5.  The  heat  of  formation  of  water  from  its  ions  at  20°  is  found  by  this 
short  extrapolation  to  be  probably  not  over  13,69  Cal.jo*  or  57.22  kilo- 
joules,  and  possibly  not  under  13.62  Cal.  or  56.93  kilojoules. 

CAMBRmoB  38,  Massachusbtts 
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The  continuous-flow  principle  of  calorimetry,  which  was  developed 
by  Callendar  and  Barnes^  for  measiuring  the  specific  heat  of  water,  and  ap- 
plied by  Swann*  and  by  Scheel  and  Reuse'  for  specific  heats  of  gases, 
offers  certain  advantages  over  the  more  usual  calorimetry  for  heats  of 
neutralization,  dilution,  etc.  Among  these  advantages  are  equal  adapta- 
bility to  any  temperatures  at  which  thermostats  can  be  successfully 

1  CaUendar  and  Barnes,  Trans.  Roy,  Soc.  {London),  199A,  55-263  (1902). 
«Swann,  Proc,  Roy.  Soc.  (London),  82A,  147-149  (1909);  Phil.  Trans.  Roy.  Soc, 
210A,  199-238  (1910). 

» Scheel  and  Heuse,  Ann.  Physik,  [4]  37,  79-96  (1912). 
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operated,  and  premise  of  higher  precision.  It  requires  separate  determi- 
nation of  the  specific  heat  of  the  reaction  product. 

At  the  suggestion  of  F.  G.  Keyes,  Dickson*  made  experiments  with  a 
continuous-flow  calorimeter,  studying  the  heat  of  neutralization  of  hydro- 
chloric add  and  sodium  hydroxide.  His  result  for  the  approximately 
0.05  weight-formal  sodium  chloride  solution  produced  at  25°  was  about 
2%  lower  than  the  corresponding  interpolated  value  of  Wdrmann,*  and  was 
too  low  because  of  a  defect  in  the  calorimeter.  With  improvements  in 
various  details  of  the  apparatus  used  by  him,  we  have  been  able  to  trace 
the  defect,  and  largely  to  eUminate  it. 

The  continuous-flow  method  has  been  used  by  F.  R.  Pratt  for  heats 
of  dilution.*  In  many  details,  the  apparatus  is  quite  unlike  ours,  and 
does  not  require  review  here. 

Principle  of  the  Method  and  General  Apparatus 
The  two  Uquids  which  are  to  react  are  led  down  from  reservoirs  through 
coils  of  silver  tubes^  immersed  in  an  upper  constant-temperature  bath 
controlled  to  about  0. 1°,  then  through  silver  coils  immersed  in  a  lower, 
precision  thermostat  controlled  to  about  0.001°,  and  finally  into  the 
mixing  calorimeter,  which  is  immersed  in  the  precision  thermostat.  The 
mixed  liquid  passes  out  of  the  calorimeter  through  a  narrow  tube  which  per- 
mits the  mixture  to  be  collected  and  weighed  at  suitable  time  intervals. 
In  order  that  equivalent  quantities  of  the  two  liquids  shall  mix  in  a  given 
time,  the  rates  of  their  flow  are  adjusted,  first  with  stopcocks  and  finally 
with  screws  which  lift  or  lower  the  two  large  bottles  used  as  reservoirs. 
To  preserve  equality  of  flow,  each  bottle  is  sealed  with  a  rubber  stopper 
and  wax,  through  which  pass  both  the  tube  to  the  calorimeter  and  also 
a  tube  which  admits  air  at  a  low  level.  By  this  "Mariotte  bottle"  arrange- 
ment the  hydrostatic  head  is  kept  constant  diuing  the  empt3ring  of  the 
bottles. 

One  platinum  thermometer  is  immersed  in  the  oil  of  the  precision  ther- 
mostat and  another  in  the  mixed  liquid  within  the  vacuum-jacketed 
space  of  the  calorimeter.  The  difference  in  temperature  of  the  two 
thermometers  is  a  meastu-e  of  the  heating  of  the  mixture  by  the  reaction 
taking  place  in  the  calorimeter,  provided  that  the  two  liquids  have  at- 
tained the  temperatm-e  of  the  thermostat  before  entering  the  calorimeter, 
and  that  the  difference  of  temperatiue  is  corrected  for  any  discrepancy 
between  the  two  thermometers  and  for  any  heat  effect  due  to  loss  of  ki- 
netic energy.     From  the  differences  of  temperature,  measured  successively 

•  Dickson,  Thesis  for  doctorate,  Massachusetts  Institute  of  Technology,  June,  1917. 

•  W6miann,  Ann.  Physik,  [4]  18, 775-795  (1905). 

•  Pratt,  7.  Franklin  Inst.,  185, 663-695  (1918). 

^  The  first  pair  of  silver  tubes  contained  3  meters  each  of  thin-walled  tubing  about 
2  mm.  inside  diameter,  the  second  pair  contained  2.1  meters  each  of  the  same. 
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at  different  measured  rates  of  flow,  the  heat  loss  can  be  elumnated,  as 
in  the  flow  method  for  specific  heats.  Two  rates  of  flow  are  mathemati- 
cally suflScient,  but  more  are  observed  for  precision  and  also  for  control 
of  the  method  and  apparatus. 

Calorimeter 

The  calorimeter  is  shown  in  Fig.  1. 

The  silver  tubes  are  silver-soldered  to  platinum  tubes,  which  are  fused  to  the  glass 
tubes  A  of  the  calorimeter.  The  two  liquids  enter  the  tubes  at  A,  and  are  squirted 
from  two  concentric  nozzles  at  B  through  an  air-space  to  the  bottom  of  the  inverted 
test-tube  C.  The  mixture  travels  down  the  inside  wall  of  the  test-tube  and  up  through 
the  narrow  space  around  it  to  a  single  nozzle  D,  whence  it  emerges  to  impinge  upon  a 
second  inverted  test-tube  B,  to  travel  around  the  test-tube,  then  around  the  platinum 
thermometer  F,  finally  emerging  through  the  tube  G,  which  connects  through  a  hori- 
zontal tube  to  an  upright  capillary  outlet  tube  used  for  controlling  in  part  the  rate  of  flow. 

The  entire  calorimeter,  with  its  metal  standard  which 
carries  the  silver  tubes,  is  immersed  in  the  oil  of  the  preci- 
sion thermostat  to  the  level  shown  by  the  dotted  horizontal 
line  in  the  figure.  The  reacting  liquids  are  exposed  in  all 
directions  to  the  temperatiu-e  of  the  thermostat,  except 
in  the  small  area  in  the  vertical  direction,  which  is  occu- 
pied by  the  reaction  mixture  itself  flowing  upwards.  The 
only  doubtful  heat  loss  is  that  up  along  the  platinum 
thermometer,  and  this  is  located  to  take  advantage  of  the 
motion  of  the  mixtm-e.  The  reacting  fluids  and  the  active 
portion  of  the  thermometer  are  enclosed  in  the  vacuum 
jacket  J.    The  jacket  walls  were  not  silvered. 

The  heat  loss*  at  the  different  rates  of  flow  of  the  pres- 
sent  work  varied  from  6.9  to  2.2%  of  the  heat  liberated. 
From  the  disposition  of  the  apparatus  it  is  clear,  however, 
that  the  loss  should  be  regular  and  capable  of  calculation, 
and  the  straight  Une  graph  discussed  below  gives  a  test 
of  the  reliability  of  the  calculation. 

In  the  construction  of  the  calorimeter,  the  thin,  dia- 
phragm-like portion,  I,  was  introduced  to  provide  elasticity 
against  breakage  during  the  cooling.  The  vacuum  jacket 
was  exhausted,  while  being  baked  at  about  300®,  by  a 
merctuy  diffusion  pump  backed  by  an  efficient  oil-pump, 
for  about  6  hoiu^.  Assuming  Newton's  law  of  cooling,  the 
heat  loss  was  found  to  be  about  1  calorie  per  minute  and  Fig.  1.— Con- 
per  degree  of  temperature  difference.  tinuous-flow  cal- 

We  found,  working  with  a  calorimeter  almost  identical  ori^eter. 
with  that  used  by  Dickson,  that  the  theoretical  straight  line  graph  dis- 
cussed below  was  not  realized,  after  substantial  improvements  in  various 
*  The  heat  loss  was  evaluated  during  the  determination  of  the  heat  of  neutrali/^tion. 
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details  of  the  general  apparatus.  The  maximal  temperature  difference 
for  a  given  fixed  rate  of  flow  was  not  reached  when  the  effluent  was 
neutral,  but  when  it  was  distinctly  add  (due  to  the  fact  that  a  small 
quantity  of  acid  fluid  succeeded  in  escaping  the  action  of  the  baffles),  and 
the  temperature  difference  varied  when  the  apparatus  was  not  disturbed. 
When  the  apparatus  was  set  up  so  that  the  flow  could  be  watched  by 
the  aid  of  a  sensitive,  2-colored  indicator  (bromothymol-sulfonephthalein), 
which  was  added  to  the  alkaU,  the  difficulties  could  be  traced,  the  most 
important  defect  being  that  a  variable  mixture  of  liquid  was  delivered  to 
the  baffle  plates. 

The  same  optical  test  was  applied  to  the  new  calorimeter  shown  in  Fig. 
1,  and  only  faint  and  momentary  fluctuations  of  color  could  be  seen  in 
the  tube  above  E,  and  these  only  when  the  rates  of  flow  were  very 
exactly  adjusted  to  neutrality.  The  fluctuations  were  limited  to  small 
localities  in  the  liquid.  When  the  new  calorimeter  was  tested  in  a  calori- 
metric  experiment  the  constancy  of  temperature  was  much  better  and  the 
temperattu-e  difference  was  maximal  for  a  neutral  effluent. 

Course  of  the  Determinations 

The  resistance  to  flow  was  not  the  same  for  the  two  liquids,  owing  to 
unsymmetry  in  the  apparatus,  and  for  each  rate  of  flow,  secured  by  chang- 
ing the  capillary  outlet  tube,  the  equality  of  flow  had  to  be  reestabUshed 
by  adjustment  of  stopcocks  and  of  the  height  of  the  reservoirs.  In  5 
or  10  minutes,  conditions  were  constant  enough  to  permit  the  thermometer 
readings.  These  were  taken  every  minute  alternately  for  the  bath  and  the 
mixtm-e  for  5  or  10  minutes,  and  the  mean  for  each  thermometer  for  the 
period  of  constancy.  Both  thermometers  showed  fluctuations  of  0.001° 
and  occasionally  0.002°,  during  the  period  of  ''constancy.'* 

The  time  of  flow,  in  minutes  per  gram  of  effluent,  was  determined  by 
collection  of  the  effluent  in  a  tared  Erlenmeyer  flask  during  a  time  of  about 
5  minutes,  measured  with  a  stop  watch. 

'  An  indirect  test  was  applied  to  study  the  efficiency  of  the  silver  tubes 
in  bringing  to  the  same  temperature  the  enclosed  flowing  liquid  and  the 
bath."  For  the  main  experiment  the  upper  bath  was  adjusted  to  equality 
of  the  lower  bath  temperature  to  about  0. 1  °,  by  means  of  a  0. 1  °  mercury 
thermometer  checked  by  the  platinum  thermometer.  In  the  control 
experiments  it  was  found  that  the  upper  bath  could  be  varied  several 
tenths  of  a  degree  without  influencing  the  temperattwes  of  the  two  plati- 
num thermometers,  and  when  the  upper  bath  temperature  was  varied 
enough  to  change  perceptibly  the  temperatiu-e  of  the  reacting  mixture, 
the  temperatm-e  of  the  lower  bath  itself  was  changed  in  equal  degree. 

*  A  similar  test  was  applied  by  Pratt  (Ref.  6),  who  also  placed  his  (mercury)  ther- 
mometers in  similar  positions  and  referred  results  to  the  scale  of  a  single  thermometer. 
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In  order  to  measure  the  heat  produced  by  friction  in  the  apparatus, 
pure  water  was  passed  through  it,  at  0.053  and  at  0.028  minutes  per 
gram  ol  total  effluent,  whereupon  the  two  platinum  thermometers  showed 
a  difference  of  0.039^.  This  being  greater  than  the  total  fall  of  liquid 
(about  2  meters)  could  have  produced,  the  two  thermometers  were  care- 
fully compared  by  immersion  in  the  same  (precision)  oil-bath,  and  it  was 
fotmd  that  this  difference  was  identical  within  0. 001  ®  with  the  discrepancy 
between  the  thermometers  at  the  temperature  of  the  test.  The  dis- 
crepancy was  studied  over  the  range  of  temperature  at  which  the  lower 
bath  was  kept  during  the  main  experiment,  and  the  correction  (0.0386® 
to  0.0389®)  was  applied  to  the  thermometer  in  the  bath  so  that  the  final 
results  were  virtually  secured  with  one  thermometer  (No.  2). 

Thermometry 

The  manganin  coils  of  our  thermometer  bridge  were  not  kept  at  con- 
stant temperature,  and  the  fixed  points  were  not  as  reproducible  as  some- 
times reported  by  other  workers.  ^®  Nevertheless,  errors  in  thermometer 
standardization  should  have  affected  our  final  result  by  less  than  0. 1%, 
since  this  result  is  based  on  temperature  differences,  and  its  dependence 
upon  the  absolute  temperature  is  relatively  small.  The  ice-points  were 
obtained  in  the  usual  way,  and  also  by  a  technique  which  showed  that  the 
discrepancy  between  the  two  thermometers  was  in  no  way  due  to  our  ma- 
nipulation. The  steam  and  naphthalene  points  were  obtained  in  series 
of  measurements  which  gave  best  straight  lines  intersecting  the  760  mm. 
abscissas.  The  normal  boiling  point  of  naphthalene  was  taken  as  218. 04®. 
The  various  constants  were,  for  thermometers  No.  1  and  2,  respectively: 
i?o,  25.3543  and  25.3343;  i?ioo,  35.2305  and  35.2028;  Rm  46.5210  and 
46.4768;  fundamental  coefficient,  0.00389528  and  0.00389531;  and 
6  value,  1.4452  and  1.4755.  So  far  as  the  final  results  are  concerned, 
the  constants  of  No.  1  do  not  matter,  because  of  the  mode  of  referring  all 
temperatiu-es  to  the  scale  of  No.  2.  The  d  value  for  No.  2,  although  the 
higher  of  the  two,  is  still  rather  low,  but  there  is  no  ground  for  supposing 
this  to  be  significant,  since  a  calculation  shows  that  an  assumed  variation 
in  d,  even  of  0.05  (or  in  the  form  of  the  correction  equation  equivalent 
to  such  a  variation)  would  affect  the  temperatm-e  differences  by  about 
0.0001®,  or  only  0.01%  in  the  final  result. 

The  thermometers  were  Leeds  and  Northrup  instniments  of  the  Bureau  of  Stand- 
ards pattern. ^^  The  bridge  was  a  modified  Leeds  and  Northrup  calorimetric  bridge,  in 
which  the  contact  resistance  at  the  slide  wire  affected  equally  the  two  bridge  arms. 

^  Assuming  a  temperature  coefficient  for  manganin  of  2.10"*  ohms  per  ohm  and 
per  degree,  a  difference  of  1^  in  the  coils  affects  their  resistance  so  as  to  show  apparent 
variations  in  really  fixed  points  of  0.006*  at  0*,  and  of  0.009*  at  218*. 

"  No.  1  had  undergone  repairs  which  may  have  introduced  strains. 
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It  reads  directly  to  0.00025  ohms,  corresponding  to  about  0.0025  ^  and  the  galvanometer 
sensitivity  permits  subdivisions  to  be  estimated  on  the  bridge  which  correspond  to  0.001  °. 
In  measuring  the  temperatures  during  the  flow  experiments,  the  resistance  of  the 
coils  was  always  the  same,  25.5  ohms,  the  sUde  wire  being  used  for  the  differences  be- 
tween the  two  thermometers  and  for  the  changes  of  temperature. 

Solutioiis  Used  for  the  Experiments 

A  good  grade  of  sodium  hydroxide  purified  by  alcohol  was  used.  It  contained  about 
0.84  mol-per  cent,  of  sodium  carbonate,  determined  by  volumetric  titration.  In  the- 
flow  experiments,  the  end-point  was  about  10  ~^  the  indicator  being  bromothymol- 
sulfonephthalein,  so  that  about  0.42  mol-per  cent,  of  the  alkalinity  ''neutralized"  was 
due  to  carbonate. 

All  other  titrations  were  done  with  weight-burets.  The  alkali  solution  was  titrated 
against  hydrochloric  add  prepared  from  constant-boiling  add  according  to  Hulett  and 
Bonner,^'  against  hydrochloric  add  standardized  gravimetrically  with  silver  chloride, 
and  against  recrystallized  potassium  hydrogen  phthalate.  The  mean  result  was  that  1  g. 
of  soditun  hydroxide  solution  used  for  the  experiments  contained  0.00021111  mols  of 
sodium  hydroxide,  and  neutralized  0.99200  g.  of  the  hydrochloric  add  used  for  the 
experiments:  therefore  each  gram  of  sodium  chloride  solution  formed  during  the- 
neutralization  contained  0.00010598  mols  of  sodium  chloride.  This  figure  is  the  quo- 
tient of  0.00021111  divided  by  (1  -f  0.992). 

The  sodium  chloride  solution  formed  was  thus  approximatdy  0.1  N, 


Tabids  I 

Thb  Expbrimbntal  Data 

Time  of  flow 

Minutes  per 

Bath  temper- 

Mixture 

Difference 

Redprocal 

gram 

ature 

temperature 

of  temperature 

of  difference 

No. 

•C. 

•C. 

•C. 

1 

0.0670 

32.3296 

33.6550 

1.3254 

0.75449 

2 

0.0511 

32.3105 

33.6530 

1.3425 

0.74488 

3 

0.0416 

32.3277 

33.6892 

1.3616 

0.73448 

4 

0.0369 

32.2934 

33.6589 

1.3656 

0.73233 

5 

0.0311 

32.2899 

33.6631 

1.3732 

0.72823. 

6 

0.0298 

32.3075 

33.6781 

1.3706 

0.72961 

7 

0.0256 

32.3085 

33.6892 

1.3807 

0.72427 

8 

0.0246 

32.3085 

33 .6912 

1.3827 

0.72322' 

9 

0.0228 

32.2915 

33.6791 

1 .3876 

0.72067 

10 

0.0220 

32.2975 

33.6801 

1.3826 

0.72327 

Calculation  of  the  Results 

The  data  are  presented  in  Table  I.  The  temperatures  are  in  degrees. 
Centigrade,  obtained  from  the  properties  of  Thermometer  No.  2,  as  stated 
above. 

During  the  flow  experiment,  let  Q  calories  per  gram  of  mixture  be  gener- 
ated constantly.  If  we  assume  Newton's  law  of  cooling  to  be  exact 
over  the  small  range  of  temperatures,  each  gram  of  mixture  will  lose, 
for  every  degree  of  temperature  difference,  qt  calories,  where  t  is  the  time 
of  flow  in  minutes  per  gram  and  q  is  the  loss  of  heat  from  the  cooling; 
1*  Hulett  and  Bonner,  This  Journal,  31, 390-393  (1909). 


Digitized  by  LjOOQ IC 


A  CONTINUOUS-FI.OW  CAI^ORIumTER,  ETC.  713 

space  (between  the  mizmg  tip  and  the  thermometer)  per  mmute  and  per 
degree  of  temperature  difference.^'  The  temperature  difference  control- 
ling the  loss  of  heat  varies  from  Do,  the  difference  between  the  temperature 
immediately  developed  upon  mixing  and  the  temperature  of  the  surround- 
ing bath,  to  D,  the  meastu^d  temperature  difference  at  the  thermometer, 
and  is  then  the  mean  of  these  values,  (Do  +  D)/2.  The  heat  lost  by  every 
gram  is  therefore  qt{Do  +  D)/2,  leaving  the  quantity,  Q^qt(Po  +  D)/2 
calories  per  gram  available  for  raising  the  temperature ;  and  if  it  requires  k 
calories  per  gram  to  raise  the  temperattu-e  1  °,  i  being  the  specific  heat  of 
the  salt  solution,  we  shall  have 

D  =  -q/ktiD,  +  D)/2  +  Q/k  (1) 

When  t  is  zero,  the  heat  loss,  qt{Do  +  D)/2,  is  also  zero,  so  that  the  corre- 
sponding value  of  D  is  Doi  the  initial  temperature  difference  before  any 
cooling  has  occurred.  Equation  1  can  be  solved  conveniently  as  follows. 
The  term  {Do  +  D)/2is  approximately  equal  to  Do,  or  to  D,  leading  to 
the  two  approximate  equations, 

D  —  (Doq/k)'t -b  Q/k  (2) 

and  P  =  -P/ •  9/*  +  Q/k  or  j/D  =  -tq/Q  +  k/Q  (3) 

In  either  case,  when  /  =  0,  D  ==  D©  =  Q/k.  Either  equation  can  be  used 
to  obtain  a  first  approximation.  With  the  present  data,  Equation  2  gives 
1.415  for  Do,  Equation  3  gives  1.417,  whereas  either  of  these  values, 
used  in  Equation  1,  leads  to  an  exact  value,  1 .  4160,  by  the  method  of  least 
squares.  AH  thre^  equations  can  be  represented  by  a  straight  line,  by 
plotting  for  Equations  1,  2  and  3,  respectively,  the  variables:  D,  i{Do  + 
D)/2;   D,  i;  and  1/D,  t. 

Fig.  2  shows  how  Equation  3  represents  the  data.  The  line  cuts 
the  axis  where  ^  =  0  at  1/D  =  0.706,  corresponding  to  Do  =  1.417. 
The  data  are  equally  well  represented  by  the  other  two  Equations,  1  and  2. 
The  scale  of  heat  loss  in  Fig.  2  shows,  for  a  given  time  of  flow,  the  calcu- 
lated heat  loss  as  percentage  of  the  total  heat  liberated.  This  scale 
shows  also  the  effect  on  the  final  result  of  uncertainty  in  the  extrapolation 
to  zero  time  of  flow.  Thus,  let  us  suppose  that  the  limiting  value  of  1/D 
may  be  0.709  instead  of  0.706.  Then  the  point  corresponding  to  0.709 
on  the  scale  of  heat  loss  is  0.4%,  which  signifies  that  the  heat  of  neutral- 
ization would  be  this  percentage,  0.4%,  lower  than  the  value  we  actually 
find. 

'*  Our  /  is  the  time  for  1  gram  to  enter  the  Erlenmeyer  weighing  flask,  and  hence  the 
time  to  leave  the  mixing  tips.  Then  tG  is  the  time  to  fill  the  cooling  space  of  capacity  G 
grams,  i.  e.,  the  time  a  gram  is  in  the  cooling  space,  on  the  average.  Since  the  total 
liquid  occupying  this  space  cools  q  calories  per  minute  and  per  degree  temperature 
di£Ference,  the  cDrresponding  cooling  for  1  g.  is  q/G,  per  minute  and  per  degree  tempera- 
ture difference.  Therefore  tGq/G^qt,  is  the  heat  lost  by  the  gram,  per  degree  tempera- 
ture difference. 
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From  Richards  and  Rowe's"  figures  for  the  loss  of  heat  capacity  on 
diluting  sodium  chloride  solutions  we  obtain,  by  extrapolation,  k  =  0. 9913. 
The  two  end  values  in  their  curve  for  sodium  chloride  are  possibly  irregu- 
lar, according  to  them;  we  assumed,  however,  the  curvature  necessary 
to  make  both  end  values  exact,  but  the  eflfect  upon  k  of  any  error  in  this 
assumption  is  slight,  since  the  molecular  heat  capacity  of  om*  sodium 
•chloride  solution  is  over  9000. 

From  the  exact  value,  1.4160,  for  Q/k,  we  find  therefore  Q  =  1.4037 
calories  per  gram  mixtm-e.  Dividing  by  the  con- 
centration of  the  solution,  0.00010598  mol.  of 
sodium  chloride  per  gram,  we  find  the  heat  of 
neutralization  to  be  13,245  calories  per  mol. 
The  method  of  least  squares  indicates  the  "prob- 
able error"  to  be  slightly  below  0. 1%  of  this 
value, 

Theslopeof  thelineinFig.  2givesg/i  =  1.04, 
or  g  =  1 .  03,  the  probable  error  being  about  2% 
of  this  value. 

The  above  result  for  the  heat  of  neutraliza- 
tion needs  to  be  corrected  finally  for  the  pres- 
ence of  carbonate  in  the  hydrate.  Through 
an  oversight,  the  hydrate  solution  itself  was  not 
used  for  the  carbonate  determination.  The  so- 
lution was,  however,  carefully  protected  from 
atmospheric  carbon  dioxide  by  a  tube  of  soda- 
lime.  From  data  in  Landolt-Bomstein,  **Tabel- 
len,"  4th  edition,  it  is  calculated  that  the  neu- 
tralization of  NaiCOfe  to  the  stage  of  NaHCOa 
would  produce  at  18®  only  4,600  calories  per 
mol.  of  hydrochloric  add  used,  instead  of  13,700. 
The  value  found  above  points,  therefore,  to  a 
still  larger  value  for  the  heat  of  neutralization  of 
Fig.  2.— The  reciprocal  rise  carbonate-free  sodium  hydroxide,  which  is  found 
of  temperature  as  a  linear  finally  to  be  13,280  calories  per  mol.  This 
function  of  the  time  of  flow.  ^^^^  ^^^  ^  ^^  isothermal  heat  of  neutrali- 
zation at  32.3®,  the  mean  initial  temperature,  since  the  heat  capacity  of 
the  products  was  used  in  the  calculation.^* 

>«  Richards  and  Rowe,  Tms  Jouknal,  43t  770-796  (1921).  We  have  assumed  the 
specific  heat  of  0.1  N  NaCl  to  be  the  same  at  SS"*  as  at  20"*.  This  is  equivalent,  within 
about  0.2%,  to  the  assumption  that  the  temperature  coefELdcnt  of  specific  heat  is  the 
same  for  the  solution  as  for  pure  water. 

^Richards,  ibid.,  25,  209-214  (1903).  We  wish  to  thank  Professor  Richards 
for  calling  our  attention  to  this  point. 
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Discussion 

Since  our  data  give  only  one  point  of  temperature  and  concentration, 
only  limited  comparison  is  possible  with  the  data  of  previous  workers. 
Wormann*  determined  the  heat  of  neutralization  of  the  4  combinations 
between  sodium  hydroxide,  potassium  hydroxide,  hydrochloric  add,  and 
nitric  acid,  at  0*",  6*",  18*",  and  32'',  and  his  Unes  are  shown  in  Fig.  3.  These 
axe  the  best  straight  lines  found  by  him  for  the  mean  values  at  concentra- 
tions from  0.25  to  0. 1  iV  (normality  referring  to  salt  solution  formed)^ 


4         8        12       16       20       24        28       32       36       40       44      48 

Fig.  3. — Comparison  of  some  heats  of  neutralization  with  the  heat  of  ionization  calcu- 
lated by  Noyes,  Elato  and  Sosman. 

The  values  for  the  potassimn  salts  are  higher  by  about  1%  than  those  for 
soditun.  Another  line  shown  in  Fig.  3  for  comparison  is  that  for  the  heat 
of  ionization  of  water,  calculated  by  Noyes,  Kato,  and  Sosman."  Our 
point  is  shown  by  the  mark  KGM.  Another  point,  M,  is  one  obtained 
by  Muller^^  for  the  heat  of  neutralization  at  infinite  dilution,  obtained 

1*  Noyes,  Kato  and  Sosman*  This  Journal,  32, 159-178  (1910). 
w  Muller,  BuU,  soc.  chim,,  [41  23, 8-13  (1918). 


Digitized  by  LjOOQ IC 


716  P.  G.  K^YES,  h.  J.  GIU«9SPIE  AND  SHINROKU  MITSUKURI 

by  measuring  heats  of  dilution  and  of  neutralization,  this  point  being 
the  mean  for  the  neutralization  of  potassium  hydroxide  with  sulfuric  add 
and  with  hydrochloric  acid. 

The  agreement  of  the  heat  of  ionization  line  with  Wormann's  lines  has 
been  considered  good."  Muller's  point  agrees  still  better  with  the  ioniza- 
tion line.  Our  point  deviates  from  it,  being  smaller,  by  about  0.5%. 
The  disagreement  between  our  point  and  Wormann's  line  for  sodium  chlo- 
ride is,  however,  outside  the  accidental  errors  of  both  pieces  of  work, 
being  2 . 6%.  Differences  of  concentration  cannot  explain  the  discrepancy, 
as  our  solution  was  about  0.1  N,  and  gives  a  higher  heat  than  his  averages 
over  the  interval  0. 25  to  0. 1  N,  whereas  Wormann  found  at  0®  a  higher 
value  for  sodium  chloride  in  0.5  AT  solution  than  in  the  more  dilute  solu- 
tions. 

We  are  continuing  the  work.  In  the  meantime,  we  wish  to  point  out 
that  Wormann  mentions  no  correction  for  carbonate  in  the  alkali  so- 
lutions, and  gives  no  analysis  for  carbonate.  The  presence  of  about 
5.2  mol-per  cent,  of  sodium  carbonate  in  the  sodium  hydroxide  solution 
would  be  required  to  bring  the  corrected  value  into  agreement  with  our 
point  and  the  slope  of  Richards  and  Rowe,  which  is  nearly  that  of  the  ioni- 
zation curve.  We  should  hardly  expect  agreement  between  the  heats 
of  neutralization  and  of  ionization  at  concentrations  where  potassium 
hydroxide  is  given  diflferent  values  than  sodium  hydroxide.  If,  however, 
a  2.6%  correction  is  justified  in  the  case  of  sodium  hydroxide,  a  smaller 
one  for  potassium  hydroxide  would  suffice  to  bring  the  alkalies  into  better 
agreement. 

Summary 

A  continuous-flow  calorimeter  has  been  so  developed  that  measurement 
of  the  rise  of  temperature  for  10  rates  of  flow  leads  to  a  value  of  the  heat  of 
neutralization,  the  "probable  error"  of  which  is  calculated  by  least  squares 
to  be  less  than  0.1%  of  the  heat  itself.  Obvious  improvements  are  ex- 
pected  to  increase  the  precision. 

For  the  heat  of  neutralization  resulting  in  the  formation  of  NaCl.521 
H«0  (about  0.107  AT  sodium  chloride)  at  32.3*",  we  find  13,280  calories 
per  mol.  Use  was  made  of  the  specific-heat  data  of  Richards  and  Rowe, 
so  that  the  unit  is  the  18**  calorie  (equivalent  to  4.18  joules). 

We  should  expect  our  value  to  be  correct  within  about  0.3%.  It  is, 
however,  2. 6%  higher  than  the  corresponding  point  on  the  curve  of  W5r- 
mann  for  the  same  neutralization.  This  may  be  due  to  the  absence  in 
his  work  of  a  correction  for  carbonate  in  the  alkali  used. 

Om*  point  is  about  0. 5%  lower  than  the  corresponding  point  on  the  line 
given  by  Noyes,  Kato  and  Sosman  for  the  heat  of  ionization.  In  our  opin- 
ion, the  1%  difference  in  the  heat,  reported  by  Wormann,  when  potassium 
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hydroxide  is  substituted  for  sodium  hydroxide  in  the  neutraUzation, 
is  questionable,  because  of  the  lack  of  a  carbonate  correction. 

This  work  has  been  done,  and  is  being  continued,  with  the  aid  of  a  grant 
from  the  Rtmiford  Fund  of  the  American  Academy  of  Sciences. 
Cambkiog^  39,  MASSACHUSBTta 
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THE  ABNORMALITY  OF  STRONG  ELECTROLYTES  AND  THE 
IONIZATION  THEORY  OF  GHOSHS 

By  Jambs  Kbndaix 

Received  January  9,  1922 

Many  attempts  have  been  made  dining  the  past  30  years  to  account  for 
the  failure  of  the  Ostwald  dilution  law  /4/Moo  -(Moo  ~  th)'^  =  fe  to  reproduce 
the  ionization  of  strong  electrolytes.  It  has  been  suggested,  for  example, 
that  the  degree  of  ionization  is  not  correctly  represented  by  the  conductivity 
ratio  Pt/Moo'  *^^^  the  ionization  equilibrium  is  not  correctly  represented 
by  the  equation  RX  5==^  R"^  +  X"",  or  that  the  law  of  mass  action  is  not 
applicable  to  the  equilibriiun  between  ions  and  undissociated  molecules. 
The  only  alternative  theory  that  has  been  received  with  any  great  degree 
•of  favor,  however,  is  one  recently  developed  by  Ghosh,*  which  rejects 
the  fimdamental  assiunptions  of  Arrhenius  entirely.  It  is  the  purpose 
of  the  present  article  to  give  a  critical  analysis  of  the  arguments  advanced 
by  Ghosh  and  others  in  support  of  this  theory. 

The  Postulates  of  Ghosh. — The  theory,  as  applied  to  a  uni-univalent 
salt  RX  in  solution,  is  based  upon  the  following  postulates:  (1)  the  elec- 
trolyte is  completely  dissociated  at  all  dilutions  into  oppositely  charged 
radicals  R"^  and  X~;  (2)  the  arrangement  of  these  charged  particles  in 
the  solution  is  analogous  to  the  marshaling  of  atoms  in  a  simple  cubic 
crystal  lattice;  (3)  the  oppositely  charged  radicals  of  a  salt-molecule 
RX  form  a  completely  satm*ated  electrical  doublet,  and  the  work  necessary 
to  separate  them  is  the  electrical  work  done  in  moving  them  from  their 
fixed  mean  distance  in  the  solution  to  an  infinite  distance  apart;  (4)  a 
radical  is  free  to  conduct  the  ciurent  only  if  its  kinetic  energy  is  greater 
than  half  the  work  required  to  separate  it  from  its  partner;  (5)  the  dis- 
tribution of  velocities  among  the  particles  is  according  to  Maxwell's  law. 

For  salts  of  other  valence  t5rpes,  and  for  acids  and  bases,  other  postu- 
lates are  made,  which  will  be  referred  to  later.  The  essential  point  in  the 
theory  of  Ghosh  is  that  strong  electrolytes  are  wholly  dissociated  in  so- 
lution, partly  into  free  and  partly  into  bound  ions,  only  the  former  being 
capable  of  conducting  the  current.    The  ratio  m»/Moo   consequently  ex- 

*  Presented,  in  part,  at  the  St.  Louis  meeting  of  the  American  Chemical  Society, 
April  14,  1920. 

*  Ghosh,  /.  Chem.  Soc.,  US,  449, 627, 707, 790  (1918) ;  117, 823, 1390  (1920). 
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presses  the  proportion  of  free  ions,  and  Ghosh,  with  the  help  of  the  above 
postulates,  derives  an  equation  for  the  variation  of  fjL^  with  diluticHi  for 
each  type  of  strong  electrolyte  which,  it  is  claimed,  is  in  satisfactory 
agreement  with  the  experimental  data.  The  agreement  is,  in  point  of 
fact,  so  striking,  and  so  many  additional  confirmatory  points  are  adduced 
that  Ghosh's  conclusion  that  the  validity  of  the  postulates  has  been< 
thoroughly  established  is  apparently  perfectly  justified.  It  is  true  that 
objections  have  been  raised  by  Partington*  and  by  Chapman  and  George^ 
against  certain  of  Ghosh's  assumptions,  but  the  general  trend  of  physical 
chemists  at  the  present  time  is  obviously  towards  the  acceptance  of  his 
theory.*  Mention  may  be  made,  in  particular,  of  articles  by  Noyes  and 
Maclnnes^  and  by  Hill.^  The  fact  that  the  main  points  of  Ghosh's  theory 

are  in  close  harmony  with  Lang- 
muir's  recent  work  on  atomic 
structure  and  valence*  and  with 
the  latest  results  obtained  from 
the  examination  of  salt  crystal 
^  by  X-ray  analysis*  has  undoubt- 
edly predisposed  many  investiga^ 
tors  in  its  favor. 

If  it  could  be  shown,  however,, 
that  the  postulates  of  Ghosh  are 
inconsistent  with  one  another, 
that  they  are  at  variance  with 
carefully  established  experimen- 
tal data,  that  the  equations 
which  Ghosh  employs  do  not 
follow  from  his  postulates,  or 
that  the  agreement  between  these  equations  and  the  results  of  experi- 
ment is  fictitious,  then  the  theory  in  its  present  form  would  of  necessity 
become  unacceptable.  In  the  following  pages  it  will  be  shown  that  the 
theory  is  indeed  vulnerable  at  all  of  the  above  points,  and  that  many  of 
Ghosh's  conclusions  must  in  consequence  be  modified  or  rejected. 

»  Partington,  Trans,  Faraday  Soc.,  15,  HI  (1919). 

*  Chapman  and  George,  Phil.  Mag.,  [Vl]  41,  799  (1921). 

'  For  example,  at  a  recent  symposium  on  the  present  position  of  the  ionization 
theory  [Trans.  Faraday.  Soc,  15,  1-178  (1919)),  the  opinion  was  expressed  by  Sand 
(p.  171),  "it  seemed  not  improbable  that  Ghosh's  theory  would  rank  as  the  most  import- 
ant advance  in  the  theory  of  electrolj^c  conduction  since  the  enunciation  of  the  Ost- 
wald-Planck  dilution  law."  See  also  Walker,  "Introduction  to  Physical  Chemistry," 
Macmillan  and  Co.,  1919,  p.  266. 

*  Noyes  and  Maclnnes,  This  Journai.,  42, 239  (1920). 
»  HiU,  ibid.,  43, 254  (1921). 

*  Langmuir,  J.  Ind.  Eng.  Chem.,  12, 386  (1920) ;  This  JotntNAi,,  42,  274  (1920). 

*  "Ann.  Reports  Chem.  Soc.,"  16;  209  (1919);  17,  2  (1920). 
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Inconsistency  of  the  Postulates. — The  second  and  the  third  postulates 
of  Ghosh  are  absolutely  incompatible.  If  the  marshaling  of  the  oppositely- 
charged  particles  of  a  salt  sudi  as  sodium  chloride  in  solution  is  analogous 
to  the  arrangement  of  the  atoms  in  the  crystalline  structure  (see  Fig.  1), 
then  no  positively  charged  particle  Na+  is  specifically  attached  to  any 
particular  negatively  charged  particle  CI"  to  give  a  salt-molecule  NaCl 
or  to  form  a  completely  saturated  electrical  doublet.  Any  atom  will 
be  kept  in  a  definite  mean  position  in  the  cubic  lattice  by  the  electrical 
forces  exerted  between  it  and  all  of  the  surrotmding  atoms,  and  camiot 
form  a  neutral  doublet  with  any  one  of  the  6  oppositely  charged  atoms 
in  immediate  proximity  to  it  without  destroying  the  whole  basis  of  the 
crystal  structure. 

Ghosh's  calculation  of  the  electrical  work  required  to  separate  **the 
component  ions  of  a  salt-molecule,"  where  E  is  the  charge  on  each  ion, 
D  the  dielectric  constant  of  water,  and  r  the  distance  between  oppositely 
charged  ions,  leads  therefore  to  an  entirely  incorrect  result. 

Calculation  of  the  Electrical  Work  Necessary  to  Separate  the  Com- 
ponent Ions  of  a  Gram-molecule. — The  true  value  of  A,  the  electrical 
work  necessary  to  disperse  to  infinite  dilution  the  component  radicals 
of  a  gram-molecule  of  dissolved  salt,  if  arranged  according  to  the  cubic 
space  lattice,  may  be  obtained  as  follows. 

Consider  one  particular  atom,  such  as  the  central  Na+  in  Fig.  1,  and  siun 
up  the  work  necessary  to  disperse  the  atoms  immediately  surrotmding 
it,  taking  into  accoimt  only  the  force  exerted  between  each  atom  and  the 
central  Na+.  There  are,  first  of  all,  6  CI"  particles  at  a  distance  r.  The 
work  to  separate  these  to  an  infinite  distance  is  6  E^/Dr,  The  cubes 
shown  in  the  diagram  also  contain,  however,  12  Na"*"  particles  at  a  dis- 
tance V2  r,  and  8  CI"  particles  at  a  distance  V3  r.  The  total  work  re- 
quired to  disperse  the  particles  forming  these  cubes  is  therefore 


£*       /        12       8\  B» 

Dr       \       V5      V3y  Dr 


The  particles  in  more  remote  cubes  must  next  be  considered.  If  we 
pack  one  more  layer  of  cubes  all  arotmd  those  represented  in  the  diagram, 
and  sum  up  the  work  necessary  to  disperse  each  particle,  as  before,  we 
obtain  for  this  second  layer  of  particles 


?1         /_®4.^_i?_  i?4.^_   A.\       «nAl7^ 

Continuing  out  into  space,  we  obtain  for  the  next  four  layers  the  values 

+  0.398  — ,-0.296— ,  +  0.234^' and  -0. 192— respectively. 
Dr  Dr  Dr  Dr      ^         ^ 

The  work  for  successive  layers  is  therefore  opposite  in  sign  and  steadily 
diminishing  in  magnitude.    The  rate  of  diminution,  after  the  second  layer. 
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is  very  nearly  expressed  by  the  simple  relation  (layer  work)  X  (layer  number) 
=  constant. 

We  are  therefore  able  to  evaluate  the  work  necessary  to  separate  one 
particular  particle  from  all  surrounding  particles;  it  is  the  limit  of  the 
convergent  series 

—  .  (2.134  -  0.617  +  0.398  -  0.295  +  0.234  -  0.192  -f )  =  1.76  ^'• 

Dr  Dr 

Now,  in  one  gram-molecule  of  dissolved  salt  there  are  2N  particles, 
N  being  Avogadro's  number.  The  total  electrical  work  A  necessary 
to  disperse  these  will  be  A  =  1 .  75  NE^/Dr.  (The  factor  2  falls  out  of  this 
equation,  since  in  summing  up  the  total  work  the  force  necessary  to  separate 
any  2  particles  is  considered  twice,  once  for  the  first  and  once  for  the  second 
particle.) 

The  value  here  obtained  is  significantly  different  from  that  derived  by 
Ghosh,  NE^/Dr.  Consequently  all  of  the  equations  employed  by  Ghosh, 
which  utilize  the  relation  A  =  NE^/Dr,  stand  in  need  of  correction. 

The  Distribution  of  Velocities. — Ghosh  has  calculated  that  the  number 
of  free  ions  in  a  gram-molecule  of  dissolved  salt  is  given  by  the  expression 

2N.e'^^ .  It  has  been  shown  by  Chapman  and  George*  that  this  cal- 
culation is  erroneous.  Maxwell's  law  for  the  distribution  of  velocities 
leads  to  an  entirely  different  and  much  more  complicated  expression  for 
the  number  of  particles  which  possess  a  kinetic  energy  in  excess  of  the 
critical  value.  ^®  All  of  the  equations  employed  by  Ghosh  which  utilize 
the  above  expression  for  the  ntunber  of  free  ions  stand  also,  therefore, 
in  need  of  correction. 

The  Variation  in  the  Proportion  of  Free  Ions  with  Dilution. — ^The 
equation  which  Ghosh  finally  derives  from  his  five  postulates  is 

N.E\</2N    „„^,   1 
2RTln- 


where  a  is  the  proportion  of  free  ions  at  dilution  v.    For  aqueous  solutions 
at- 18**,  this  reduces  to 

loga=-0.1616/-^r. 

Since  a  =  m»/Moo  (or,  more  accurately,  |*,i7,/Moonoo' w^^^^^  i7,andi7oo  are 
the  viscosities  of  the  solution  and  the  solvent  respectively),  the  validity 
of  this  relationship  can  be  directly  tested  against  the  experimental  data. 

Two  separate  points  are  here  involved.  In  the  first  place,  oZI  etedro- 
lytes  of  the  same  type  should  give  identical  values  for  /«,//*  oo  ^^  ^^y  &^^^  ^*" 
lution.  In  the  second  place,  the  variation  of  ii^/ii^  with  dilution  should  be 
as  represented  by  the  above  equation. 

»•  See  Jeans,  "The  Djrnamical  Theory  of  Gases,"  Cambridge  Univ.  Press,  1916, 
pp.  34-5. 
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Are  All  Electrolytes  of  the  Same  Type  Equally  Ionized? — ^This  point 
has  been  called  in  question  by  Partington,'  who  presents  extensive  data 
to  show  that  considerable  divergences  exist  in  the  experimental  values 
of  Mt//i  00  for  different  electrolytes.  In  reply,  Ghosh"  objects  to  the 
values  of  /1 00  employed  by  Partington,  and  deduces  alternative  values  for 
the  alkali  chlorides  whidi  make  /bi,  throughout  the  range  v  =  10  to 
V  =  5000  practically  identical  in  all  cases. 

It  is  impossible  to  settle  this  dispute  satisfactorily  at  the  present  time, 
since  the  value  for  n^  derived  for  any  electrolyte  depends  upon  the  form 
of  the  equation  used  to  extrapolate  the  experimental  data  to  infinite 
dilution,  and  the  choice  of  any  particular  equation  largely  predetermines 
the  issue.  It  is  true  that  many  chemists"  have  preceded  Ghosh  in  postu- 
lating identical  ionization  values  for  restricted  series  of  salts  of  similar 
character  at  high  dilutions,  and  that  the  deviations  which  become  evident 
at  higher  concentrations  may  quite  plausibly  be  ascribed  to  specific  effects, 
such  as  changes  in  ionic  mobilities.  At  concentrations  approachiug 
normal,  indeed,  the  diameter  of  the  ions  becomes  appreciable  with  re- 
spect to  the  distance  between  them,  and  salts  which  fiunish  ions  of  large 
diameter  might  be  expected  to  give  significant  and  specific  variations 
from  the  simple  equations  of  Ghosh.  All  this  being  granted,  the  position 
of  advantage  in  the  [i^^  controversy  still  appears  to  Ue  with  Partington. 
The  values  for  Mo©  employed  by  Partington  are  all  taken  directly  from 
Kohlrausch,  as  extrapolated  by  him  from  his  own  data.  The  values 
employed  by  Ghosh  assume  that  the  careful  conductivity  measurements 
of  Kohlrausch  and  his  co-workers  at  high  dilutions  are  in  error  to  the 
extent  of  1—2%,  and  it  is  extremely  unlikely  that  this  assmnption  is 
justified." 

In  the  case  of  potassiiun  chloride,  indeed,  we  have  positive  evidence 
in  favor  of  Partington.  The  value  of  Moo  which  Kohlrausch  obtains  for 
this  salt  is  129.90.  The  value  deduced  by  Ghosh  is  132.2.  The  recent 
determinations  of  Washbtun  and  Weiland,"  carried  out  to  a  remarkable 
degree  of  precision  at  exceedingly  high  dilutions,  lead  to  the  value  129. 64. 
Is  the  Variation  of  Ionization  with  Dilution  Represented  by  the 
Equation  of  Ghosh? — The  experimental  data  for  potassium  chloride 
are  shown  in  Table  I,  p.  722  From  w  =  10  to  o  «  500  the  equivalent 
conductivities  of  Kohlrausch  and  Maltby^*  have  been  taken,  the  usual 
viscosity  corrections  being  applied.    From  v  =  1000  to  v  =  10000  the 

"  Ghosh,  Trans.  Faraday  Soc„  15, 164  (1919). 

"  For  example,  Noyes  and  Falk,  Tms  Journal,  34,  476  (1912).     Lewis,  ibid.,  34, 
1643  (1912).    Washburn,  ibid.,  40,  161  (1918). 
"  See  KendaU,  ibid.,  39, 19  (1917). 
1*  Washburn  and  Weiland,  ibid.,  40, 131  (1918). 
«  Landolt-B6mstein,  "TabeUen."  1912,  p.  1102. 
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results  are  those  of  Washburn  and  Weiland.^*    The  end- value  of  the 
latter  investigators  has  been  used  throughout. 

The  values  for  a  derived  from  Ghosh's  equation  are  given  in  the  third 
column.  The  last  colunms  headed  **a  (Corrected)"  show  respectively: 
(I)  the  values  for  a  obtained  when  the  expression  A  =  1 .  75  NE^/Dr 
is  substituted  for  that  employed  by  Ghosh,  (II)  the  values  for  a  obtained 
when  the  Chapman  and  George  correction  is  made,  (III)  the  effect  of  both 
of  the  above  corrections. 

Tablb  I 

Proportion  of  Free  Ions 

Potassium  chloride  in  water  at  18  ** 


V 

a  (Expt.) 

a  (Ghosh) 

I 

a  (Corrected) 
U 

in 

10 

0.8625 

0.8410 

0.7393 

0.9511 

0.8950 

60 

0.9245 

0.9041 

0.8380 

0.9776 

0.9494 

100 

0.9440 

0.9230 

0.8691 

0.9838 

0.9638 

500 

0.9741 

0.9542 

0.9213 

0.9926 

0.9834 

1000 

0.9816 

0.9634 

.0.9370 

0.9946 

0.9883 

5000 

0.9926 

0.9784 

0.9626 

0.9972 

0.9945 

0000 

0.9953 

0.9829 

0.9702 

0.9980 

0.9969 

It  will  be  seen  that  the  equation  used  by  Ghosh  gives  values  somewhat 
lower  than  the  experimental  throughout  the  whole  dilution  range.  The 
appUcation  of  the  first  correction  leads  to  much  lower  values.  The  second 
correction,  on  the  other  hand,  gives  results  considerably  higher  than  the 
experimental.  The  two  corrections  together  largely  cancel  each  other's 
effect,  and  a  series  of  values  is  obtained  only  slightly  higher  than  the  ex- 
perimental. The  differences  at  the  higher  concentrations,  however, 
are  far  beyond  the  limits  of  experimental  error. 

It  does  not  follow,  of  course,  from  the  above  table  that  Ghosh's  theory 
is  fundamentally  invalid.  Further  modification  of  the  postulates  might 
very  conceivably  suflSce  to  bring  the  calculated  and  experimental  values 
into  satisfactory  agreement.  At  this  point  we  may  profitably  note, 
with  respect  to  the  fifth  postulate,  that  Maxwell's  law  for  the  distribution 
of  velocities  is  derived  on  the  assumption  that  the  particles  are  not  elec- 
trically charged  and  are  perfectly  free  to  move  in  space.  Its  extension 
to  positively  and  negatively  charged  particles,  the  mean  disposition  of 
which  conforms  to  a  definite  space-lattice,  certainly  requires  justification. 

Whether  Ghosh's  second  postulate — that  the  arrangement  of  the  oppo- 
sitely-charged radicals  of  a  salt  in  solution  is  according  to  a  definite  space- 
lattice — ^is  itself  acceptable,  is  a  point  we  shall  return  to  later.  In  the 
sections  immediately  succeeding,  the  concordance  claimed  by  Ghosh 
to  exist  between  the  equations  resulting  from  his  theory  and  the  observa- 
tions of  previous  workers  will  be  examined.  In  order  to  make  the  criti- 
cisms on  the  various  topics  discussed  quite  independent  of  those  which 
»•  Ref .  14.  p.  146. 
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have  preceded,  Ghosh's  original  equations  are  used  throughout.  So 
many  different  points  are  involved  that  the  treatment  of  each  is  necessarily 
brief  and,  for  space  considerations,  the  argument  is  confined  almost  en- 
tirely to  uni-univalent  electrol3rtes. 

The  Variation  of  Equivalent  Conductivity  with  Dilution. — To  avoid 
the  difiSculty  introduced  by  the  uncertainty  in  Moq  ,  Ghosh  prefers  to  test 
the  validity  of  his  equation  for  uni-imivalent  electrolytes  in  aqueous 
solution  at  18**, 

log  a  =-0.1616/^^ 

by  throwing  it  into  the  form 


log  /If  —  log  /iio« =0.1616 


Wm    <^v} 


The  value  of  /x,  for  the  dilution  v  =  100  is  thus  made  the  basis  of  calcu- 
lation for  fjL^  at  other  dilutions,  and  incidentally  is  also  used  to  evaluate 

Moo- 
Equations  of  a  similar  nature  are  derived  by  Ghosh  for  salts  of  two 

other  valence  types,  barium  chloride  and  magnesium  sulfate,  imder  the 
assumption  that  the  space-lattice  arrangement  of  the  charged  particles 
in  solution  corresponds  in  each  case  to  the  crystal  structiu'e.  All  three 
equations  are  tested^'  against  the  experimental  data  of  Kohlrausch,  and 
the  agreement  between  the  observed  and  calculated  values  of  /x,  for  di- 
lutions from  t;  =  10  to  t;  =  5000  is  characterized  as  "remarkably  good," 
"rarely  greater  than  1  per  cent." 

Is  this  agreement  really  remarkable?  Let  us  take  the  first  salt  listed, 
potassium  chloride.  According  to  the  figures  given,  n^  varies  throughout 
the  whole  concentration  range  by  17. 1  units  only,  from  112.0  at  v  =  10 
to  129. 1  at  v  =  5000.  If  now  we  assume,  as  Ghosh  does,  that  the  calcu- 
lated and  observed  values  of  /jl^  are  identical  at  a  point  in  the  middle  of 
this  narrow  range,  i.  e.,  122.5  at  t;  =  100,  the  concordance  of  calculated 
and  observed  values  becomes  more  a  matter  of  necessity  than  of  merit. 
When  fjLf  varies  from  /iioo  at  the  utmost  by  only  10%,  as  is  the  case  with 
an  of  the  uni-univalent  electrolytes  tested  by  Ghosh,  then  a  divergence 
of  1  unit,  which  is  frequent  in  the  table,  is  equivalent  to  an  error  of  1  in  10. 
The. fundamental  vaUdity  of  the  equation  can  scarcely  be  confirmed  by 
evidence  of  this  character;  all  that  has  been  demonstrated  is  that  it  re- 
produces the  observed  results  fairly  well  over  a  restricted  range,  and 
other  interpolation  equations^'  are  known  which  possess  equal,  if  not  su- 
perior, accttfacy  over  the  same  interval. 

If  we  could  prove  satisfactory  agreement  over  a  more  extended  range, 
the  above  criticism  would  naturally  no  longer  hold.  At  concentrations 
above  v  =  10,  however,  n^  loses  much  of  its  theoretical  significance,  in 

»^  Ghosh,  /.  Chem.  Soc,  113,  455-6  (1918). 
u  See  Washburn,  Ref.  12,  p.  122. 
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consequence  of  the  increasing  magnitude  of  the  arbitrary  corrections 
necessary  for  viscosity  and  ionic  mobility  changes.  At  concentrations 
below  V  =  5000,  on  the  other  hand,  few  determinations  of  sufficient  pre- 
cision are  available.  It  is  highly  significant  that  the  equation  cannot  be 
extended,  in  the  case  of  potassium  chloride,  to  give  agreement  with  the  very 
accurate  determinations  of  Washburn  and  Weiland^*  between  v  =  1000 
and  V  =  100,000.  The  calculated  values  deviate  more  and  more  from  the 
observed  as  the  dilution  is  increased,  the  final  Moo  values  differing  by  as 
much  as  2%,  far  beyond  the  limits  of  experimental  error. 

In  the  majority  of  cases,  indeed,  the  actual  agreement  between  calcu- 
lated and  observed  values  for  /i,  between  v  =  10  and  v  =  5000  is  by  no 
means  so  striking  as  indicated  by  Ghosh  in  his  three  tables.  Comparison 
of  these  tables  with  the  original  data  of  Kohlrausch  and  his  co-workers^^ 
discloses  the  fact  that  in  no  fewer  than  jg  out  of  75  instances  the  value  for 
fjL^  (pbs.)  presented  by  Ghosh  differs  from  that  recorded  by  Kohlrausch.  The 
difference  frequently  exceeds  a  whole  unit.  The  remarkable  agreement 
claimed  by  Ghosh  is  therefore  largely  fictitious. 

The  Temperature-coefficient  of  the  Ratio  fi^/^if^.—Tht  next  point 
considered  by  Ghosh*®  is  the  variation  in  the  ratio  th/^on  ^^^  tempera- 
ture, due  to  the  variation  in  the  dielectric  constant  of  water.  The  ex- 
perimental data  for  potassium  chloride  at  18^  and  100^  are  utilized  to 
show  that  the  observed  diminution  of  m»/moo  ^^  ^  ^^^  dilution  with  in- 
crease of  temperature  corresponds  with  the  variation  calculated  from  the 
Ghosh  equation.  For  the  dielectric  constant  of  water  at  100°,  the  value 
52. 6  is  employed.  The  data  for  Pt/Moo  ^*  ^^  dilutions,  t;  =  12. 5  and  v  = 
100,  at  18®  and  100®  are  tabulated,  and  it  is  noted  once  more  that  the 
"coincidence"  between  the  calculated  and  observed  values  is  "remark- 
able." 

It  is  unfortunate  for  the  theory  of  Ghosh,  therefore,  that  all  of  the 
calculated  values  in  this  table  are  wrong.  At  18®  the  errors  of  calculation 
are  relatively  small;  for  v  =  12.5  Ghosh's  equation  gives  m,/moo  **  0.852 
(instead  of  0.854),  while  for  i;  =  100  it  gives  0.923  (instead  of  0.930). 
At  100®,  however,  the  equation  utilized  by  Ghosh  for  the  variation  of  the 
dielectric  constant  of  water  with  temperature*^  really  leads  to  the  value 
58 . 4,  not  to  52 . 6.  The  true  calculated  values  for  m,/  m  »  at  100  ®  according 
to  the  equation  of  Ghosh  are,  atv  =  12.5,  0.841  (instead  of  0.826)  and, 
at  c  =  100,  0.917  (instead  of  0.909). 

In  addition  to  this,  the  experimental  figures  for  the  ionization  of  po- 
tassium chloride  at  18®  are  not  accurately  transcribed,  the  value  given 

»  Kohlrausch,  "Gcsammelte  Abhandlimgen,"  Barth,  Leipzic,  1911,  vol.  2;  I^andolt- 
Bdrnstein,  "TabeUen/*  1912. 
»  Rcf.  17,  p.  457. 
«  Ref.  15,  p.  12X3. 
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by  Noyes  and  Coolidge"  at  v  =  12. 5  being  0. 873  (instead  of  0. 870)  and, 
at  t;  =   100,  0.942  (instead  of  0.940). 

These  corrections,  it  will  be  noted,  vitiate  entirely  the  daim  made  by 
Ghosh  that  the  diminution  of  the  ratio  /x,//*  ^  with  increase  in  temperature 
has  been  quantitatively  explained. 

The  Electrical  Conducthdty  of  Non-aqueous  Solutions.— The  whole 
of  Ghosh's  second  paper*'  is  devoted  to  this  topic;  28  tables  of  data  are 
presented,  and  it  is  again  concluded  that  the  validity  of  the  equations  is 
"completely  confirmed."  The  experimental  results  employed  are  mainly 
from  the  work  of  Carrara**  and  of  Walden.**  In  order  to  obtain  satis- 
factory agreement  between  calculated  and  observed  values  for  Walden's 
"normal  electrolyte"  tetra-ethyl-ammonium  iodide,  however,  Ghosh 
finds  it  necessary  to  assume  that  this  salt,  in  most  non-aqueous  solvents, 
first  polymerizes  and  then  dissociates  not  as  a  binary  but  as  a  ternary  elec- 
trolyte, giving  the  ions  2NEt4"*'  and  It"  The  same  assumption  is  made 
for  sodium  and  potassium  iodides  in  acetonitrile  and  in  pyridine,  respec- 
tively, while  for  ammoniiun  iodide  in  acetone  an  additional  postulate 
is  involved,  namely  that  the  NHi"**  ions  are  displaced  diagonally  towards 
the  Ii"  ions  in  the  space  lattice. 

These  assumptions  have  been  attacked  by  Partington**  as  purely  ar- 
bitrary, and  there  is  no  question  that  Ghosh  chooses  his  polymerizing 
solvents  in  a  most  peculiar  manner.  Thus  tetra-ethyl-ammonium  io- 
dide is  regarded  as  a  binary  electrolyte  in  acetaldehyde  and  acetone, 
liquids  with  dielectric  constants  of  approximately  20,  while  in  formamide, 
a  solvent  closely  resembling  water,  with  a  dielectric  constant  of  84,  the 
same  salt  is  treated  as  a  ternary  electrolyte. 

Obviously,  if  variants  of  the  normal  space  lattice  are  admissible,  it 
will  always  be  possible  to  select  one  which  will  lead  to  an  equation  repro- 
ducing the  observed  values  for  /i,  for  any  particular  solution  within  the 
limits  of  experimental  error,  especially  when  the  error  limits  are  relatively 
large,  the  range  of  dilutions  is  small,  the  variation  in  /i,  throughout  this 
range  is  small,  and  the  equation  is  thrown  into  a  form  which  makes  fip 
(calc.)  and  /i,  (obs.)  identical  in  the  middle  of  the  range.  What  positive 
evidence,  then,  does  Ghosh  adduce  in  support  of  his  new  assumptions 
to  rescue  them  from  the  suspicion  of  being  merely  arbitrary? 

The  statement  that  iodine  tends  to  form  univalent  complex  ions  such 
as  If"  and  h"  has  no  bearing  at  all  upon  the  ability  of  iodine  ion  to  unite 

M  Noyes  and  Coolidge,  Carnegie  Inst.  Pub,,  63,  63  (1907).  The  reference  given  by 
Ghosh  [Z.  physik.  Chem,,  46, 323  (1903)  ]  does  not  contam  any  of  the  expenmental  values 
which  he  employs. 

"Ref.  17,p.627. 

•<  Carrara,  Gazz.  chim.  ital.,  [ij  26,  119  (1896). 

»  Walden,  Z.  physik.  Chem.,  54,  129  (1906). 

»Rcf.2,p.  113. 
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with  itself  to  form  a  divalent  ion  It".  Purthennore,  as  we  shall  see  later, 
Ghosh's  equation  for  uni-univalent  electrolytes  in  solvents  of  low  dielec- 
tric constant  fails  just  as  inevitably  with  other  salts  as  it  does  with  io- 
dides. It  is  true»  as  Ghosh  remarks,  that  the  consensus  of  opinion  among 
electrochemists  is  generally  in  favor  of  complex  molecules  in  non-aqueous 
solutions.  This  opinion,  however,  is  based  on  the  fact  that  freezing- 
point  depressions  and  boiling-point  elevations  obtained  for  salts  in  sol- 
vents of  low  dielectric  constant  are  abnormally  small,"  and  it  has  been 
clearly  established  in  recent  articles  by  Hildebrand*'  that  such  abnormali- 
ties must  be  ascribed,  in  general,  to  differences  in  the  internal  pressures 
of  the  components  of  the  solution,  not  to  association  of  the  solute.  The 
only  other  argument  advanced  by  Ghosh  in  proof  of  the  abnormality 
of  tetra-ethyl-ammoniiun  iodide  in  certain  solvents  is  that  **the  exact 
coincidences  between  the  observed  and  calculated  values  leave  no  room 
for  doubt  as  to  the  mode  of  dissociation."  This  argument  loses  weight 
when  it  is  found,  once  more,  on  examination  of  the  original  tables,  that 
in  as  many  as  31  instances  in  this  article  Ghosh's  values  for  /x,  {obs,)  do  not 
agree  with  the  actual  experimental  data. 

The  Molecular  Number  i  and  the  Clausius  Theorem. — In  his  third 
article,**  Ghosh  combines  his  equation:  A  =  2RT  In  1/a  with  the  Clausius 
theorem  :'•  PV  =  ^/s  kinetic  energy  —  Vs  virial  and  derives,  for  a  uni-univa- 
lent salt  in  aqueous  solution,  the  following  expression  for  the  molecular 
number  i 


<-i'.;) 


He  then  purports  to  show  that  this  expression  gives  better  agreement 
with  the  experimental  values  for  i,  as  obtained  from  freezing-point  de- 
pression measurements  for  binary  electrolytes,  than  does  the  Arrhenius 
equation  i  =  I  +  a.  Similarly  successful  comparisons  having  been  made 
for  typical  ternary  salts,  Ghosh  concludes  that  the  validity  of  his  ftmda- 
mental  equations  has  now  been  completely  demonstrated;  "in  fact,  a 
complete  theory  of  dilute  salt  solutions  has  been  propoimded." 

In  point  of  fact,  however,  Ghosh  never  tests  the  Arrhenius  equation 
connecting  experimental  conductivity  ratios  with  experimental  freezing- 
point  depression  abnormalities  at  all.  To  evaluate  i  at  various  dilutions 
he  substitutes,  in  both  of  the  above  equations,  not  the  experimental  value 
for  a,  /Iv/moo  » ^^^  ^^  theoretical  value  for  a  calculated  from  his  own  equa- 
tion. 

s'  See  Turner,   "Molecular  Association/'  Longmans,  Green  and  Co.,  1915|  pp. 

»  HUdebrand,  Tms  Journai<,  38, 1452  (1916);  42,  2180  (1920). 

»  Rcf.  17,  p.  707. 

»  Compare  Milner,  PhU.  Mag.,  [vij  23, 661  (1912) ;  25, 747  (1913). 
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N,E'.</2N     „  „^  ,    1 

All  that  Ghosh  really  shows,  therefore,  is  that  this  equation  gives  values 
for  a  which  vary  with  dilution  in  such  a  manner  that  the  expression  2 

reproduces  the  freezing-point  depression  values  for  i  more 


0-i'"D 


closely  than  does  the  expression  1  +  a.  The  values  obtained  from  this 
latter  expression,  however,  are  far  from  being  identical  with  those  de- 
rived from  the  'experimental  conductivity  data  for  imi-imivalent  salts,'* 
as  may  be  seen  from  the  following  table.    The  calculated  values  for  the 

expression  2(1  —  In-  j  and  the  experimental  freezing-point  depression 

values'*  for  i  are  also  here  included. 

TabiaII 

MOLBCULAR  NUMBBR  t  FOR  SaI^TS  OF  TyPB  RX 

V 

*  =  1  H-  a  (calc.  from  Ghosh  equation) . 
f  =  1  H-  a  (expt.  from  conductivity).. . . 


-<-i'";) 


2 

0 

10 

20 

60 

100 

1.748 

1.808 

1.844 

1.875 

1.906 

1.924 

1.771 

1.821 

1.855 

1.885 

1.918 

1.938 

1.806 

1.869 

1.887 

1.910 

1.934 

1.947 

1.804 

1.837 

1.865 

1.887 

1.925 

1.937 

*  (expt.  from  freezing-point  depression) . 

From  this  table  it  is  evident  that  the  Arrhenius  equation:  i  =  1  +  a, 
where  a  =  /<f/Moo  (expt.),  gives  better  agreement  with  the  freezing-point 
depression  data  than  does  the  Ghosh-Clausius  equation,  except  at  the 
highest  concentration  v  =  2.  The  deviations  at  the  higher  concentrations, 
indeed,  are  only  such  as  might  be  expected  from  the  fact  that  van't  Hoff's 
law  tV  =  RT  cannot  be  valid  for  strong  electrolytes.^^  As  the  dilution 
is  increased,  the  superiority  of  the  Arrhenius  expression  becomes  manifest. 
This  superiority  is  indisputably  confirmed  on  examination  of  the  later  and 
more  accurate  freezing-point  depression  data  of  Adams'*  and  of  Hall 
and  Harkins.'* 

The  Ionization  of  Strong  Acids. — Aqueous  solutions  of  strong  acids 
like  hydrochloric  acid  and  of  strong  bases  like  potassium  hydroxide  give 
much  higher  values  for  ih/n^  than  do  uni-tmivalent  salts  at  equivalent 
dilutions,  and  do  not  exhibit  even  approximate  agreement  with  the  equa- 
tion of  Ghosh.    In  his  fourth  paper,**  Ghosh  attempts  to  account  for 

"  Noycs  and  Falk.  Ref.  12,  p.  476. 
"  Noycs  and  FaDc,  Tras  Journal,  32, 1027  (1910). 

"See  Washburn,  ibid.,  32,  486  (1910);  and,  more  particularly.  Bates,  ibid,, 
37,  1421  (1915). 

M  Adams,  ibid.,  37, 495  (1915). 

»  HaU  and  Harkins,  ibid.,  38,  2658  (1916). 

•Rcf.  17,p.790. 
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this  by  postulating  that  the  ratio  /it//i  qq  is  not,  for  acids  and  ba^es  dissolved 
in  water,  the  true  expression  for  the  proportion  of  free  ions,  since  the  water 
molecules  also  take  an  active  part  in  the  transmission  of  the  current. 
It  is  asstuned  that  a  hydrogen  ion  or  an  hydroxyl  ion,  striking  against 
a  molecule  of  water,  may  cause  the  latter  to  tmdergo  dissociation  into 
H+  and  0H~,  and  that  one  of  these  unites  with  the  original  ion  to  regener- 
ate a  molecule  of  water  while  the  other  shoots  off  as  a  charged  particle. 
If  this  process  of  dissociation  and  recombination  is  instantaneous,  the 
electric  charge  is  thus  carried  instantaneously  through  a  distance  pro- 
portional to  the  diameter  of  the  water  molecule,  and  the  apparently 
abnormal  mobilities  of  the  hydrogen  and  hydroxyl  ions  in  aqueous  solu- 
tion are  explained. 

This  is  an  old  suggestion  of  Arrhenius."  It  introduces  several  points 
of  difiSculty.  Why  should  the  impacts  of  other  ions  on  these  dissociable 
water  molecules  be  entirely  innocuous?  Why  should  the  mobilities  of 
other  ions  approach  those  of  H"*"  and  OH"  at  high  temperatures,  as  has 
been  shown  by  Noyes  and  his  co-workers  ?••  One  would  rather  expect  the 
opposite,  since  water  molecules  should  be  more  readily  dissociable  as  the 
temperature  is  raised,  and  the  impacts  between  them  and  H"**  and  OH"" 
ions  are  certainly  more  violent.  How  can  the  fact  that  the  ratio  /Xt/Moo 
for  hydrochloric  acid  at  high  temperatures  is  less  that  that  of  potassium 
chloride  at  an  equivalent  dilution'*  be  explained?  Finally,  since  it  is 
admitted^  that  the  constituent  radicals  of  the  water  molecule  are  oppo- 
sitely charged,  why  should  these  radicals  also  not  attempt  to  take  up 
a  space-lattice  arrangement  and  contribute  towards  the  production  of 
free  ions  in  all  aqueous  solutions? 

The  last  of  these  points — the  rdle  of  the  solvent  in  ionization — ^will 
be  taken  up  in  the  concluding  sections.  Let  us  assume,  for  the  present, 
that  Ghosh's  new  postulate  is  valid,  and  examine  the  consequences. 

First  of  all,  assuming  that  the  true  value  of  a  for  strong  acids  like  hy- 
drochloric acid  at  any  given  dilution  is  the  same  as  that  of  uni-univalent 
salts,  Ghosh  develops  an  equation  by  which  the  real  mobility  C7h*  of  the 
hydrogen  ion  and  the  conductivity  Ci  due  to  the  water  may  be  evaluated 
from  conductivity  data.  For  acids,  f/n*  =  152  and  Ci  =  198.5  at  25°; 
for  bases,  C/qh-  =  109  and  Ci  =  66.  Tables  are  given  to  show  that  the 
calculated  variation  of  /i,  with  dilution  for  strong  acids  and  bases,  when 
these  values  are  substituted  in  Ghosh's  equation,  is  always  in  agreement 
with  the  experimental  data  within  0.5%.  Unfortunately  the  experi- 
mental values  for  /i,,  in  any  single  case,  vary  only  from  3  to  6%  throughout 

^  Arrhenius,  "Theories  of  Solutions,"  Yale  University  Press,  1912,  p.  139, 

»  Noyes,  el  a/.,  Carnegie  Inst.  Pub.,  63, 336  (1907), 

»  Rcf.  38.  p.  339. 

*•  Ghosh,  Ref.  11,  p.  IfiO, 
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the  range  of  dilutions  examined,  so  that  the  test  is  not  very  stringent. 
More  definite  support  for  the  validity  of  his  contention  that  the  true  value 
for  a  is  the  same  for  strong  acids  and  bases  as  for  salts  is  sought  by  Ghosh^^ 
from  the  work  of  EUis*^  on  activity-coefficients  by  the  electromotive- 
force  method.  Reference  to  a  table  recently  published  by  Noyes  and 
Maclnnes**  will  show,  however,  that  the  most  accurate  data  in  this  im- 
portant field,  including  the  results  of  Ellis,  indicate  conclusively  that  the 
activity-coefficients  for  hydrochloric  acid,  potassium  hydroxide  and  po- 
tassium chloride  diverge  considerably,  and  are  in  no  single  case  in  agree- 
ment with  the  calculated  values  of  Ghosh. 

The  Ionization  of  Weak  Acids. — Still  more  convincing  evidence 
against  Ghosh's  theory  is  obtained  from  the  results  of  its  application  to 
typical  weak  electrolytes  like  acetic  acid.  These  are  assumed  to  give 
both  undissodated  molecules  and  ions  in  solution,  their  ionization  equi- 
libria being  expressed  by  the  equation;  {axy/{l—x)jv  =  k,  where  x  is 
the  fraction  dissociated  and  a  the  proportion  of  free  ions  in  this  fraction. 
For  any  ionic  concentration  x/v,  a  can  be  calculated,  and  is  so  very  nearly 
equal  to  1  at  all  dilutions  (according  to  Ghosh)  that  the  above  equation 
becomes  identical  with  Ostwald's  dilution  law  for  very  weak  acids. 

The  actual  data  for  acetic  acid  at  25°  are  presented  in  Table  III  below. 
The  first  column  shows  the  dilution  and  the  second  the  observed  conduc- 
tivity.** In  the  third  and  fourth  columns  x  and  a,  as  calculated  from  the 
equations  of  Ghosh,  are  shown.  The  fifth  column  gives  the  dissociation 
constant  derived  from  these  values,  the  last  column  the  dissociation 
constant  obtained  on  the  basis  of  the  original  Arrhenius  theory. 


TABI3  III 

Ac«nc  Acid,  25** 

f 

'*? 

X 

a 

100  k  (Ghosh)  100  k  (Arrhenius) 

13.57 

6.086 

0.01585 

0.9613 

0.001740 

0.001845 

27.14 

8.591 

0.02234 

0.9655 

0.001754 

0.001851 

54.28 

12.09 

0.03138 

0.9693 

0.001759 

0.001849 

108.66 

16.98 

0.04399 

0.9727 

0.001765 

0.001849 

217.1 

23.81 

0.06160 

0.9757 

0.001773 

0.001851 

434.2 

33.22 

0.08584 

0.9784 

0.001777 

0.001849 

868.4 

46.13 

0.1191 

0.9809 

0.001783 

0.001850 

1737.0 

63.60 

0.1640 

0.9831 

0.001790 

0.001854 

Evidently  a  diverges  appreciably  from  imity  throughout  the  whole 
range,  although  at  the  last  dilution  given  the  ionic  concentration  is  less 
than  0.0001  N.  In  consequence  of  this  variation  in  a  with  dilution, 
the  theory  of  Ghosh  involves  a  steady  increase  in  the  ionization  constant, 
as  illustrated  by  the  figures  in  the  fifth  column.    The  exact  applicability 

*»  Ellis,  Tms  JouRNAi<.  38,  759  (1916). 

*»  Rcf .  6.  p.  243, 

^  ^endaU,  7.  Chem.  Soe.,  101|  1283  (1912). 
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of  the  Ostwald  dilution  law  to  weak  adds  like  acetic  acid  and  weak  bases 
like  ammonia  must  therefore  be  devoid  of  all  theoretical  basis,  and  the 
constant  values  for  k  obtained  for  so  many  weak  electrol3rtes  by  so  many 
different  observers  (as,  for  example,  in  the  last  column  of  the  preceding  table) 
are  presumably  entirely  fortuitous!  A  more  cogent  argument  against 
the  validity  of  Ghosh's  assumptions  can  scarcely  be  conceived. 

The  Ionization  of  Transition  Acids. — Ghosh  claims,  however,  to  have 
demonstrated  the  applicability  of  his  formula  also  to  **the  entire  range 
of  transition  electrolytes."  The  equation  developed  for  determining 
X  for  solutions  of  such  electrol3rtes**  is,  it  may  be  noted,  erroneous,  since 
it  involves  the  use  of  the  relationship  a  =  1  ^K.{x/v)^t  which  is  derived** 
under  the  condition  that  fi^  is  only  slightly  less  than  /Iqq. 

It  has  been  shown  by  the  present  author*'  that  the  dissociation  constants 
for  transition  acids  decrease  towards  a  limiting  value  fe  qq  as  the  dilution 
is  increased.  The  variation  in  a,  calculated  according  to  the  Ghosh 
theory,  is  (as  in  the  case  of  acetic  acid  above)  in  the  opposite  direction. 
The  application  of  the  Ghosh  equation  {ax)^/(l—x).v  =  fe  to  transition 
electrolytes  consequently  gives,  owing  to  the  counterbalancing  of  these 
two  factors,  a  fairly  satisfactory  value  for  k  throughout  a  limited  dilution 
range.  Nevertheless,  if  the  examination  is  extended  to  high  dilutions, 
where  k  (Arrhenius)  is  practically  constant  while  a  is  still  increasing,  the 
inconstancy  of  k  (Ghosh)  becomes  obvious.  The  stronger  the  acid,  the 
more  rapidly  do  the  values  for  the  latter  expression  increase.  The  first 
stages  of  this  inevitable  increase  are  quite  evident  in  all  of  the  four  tables 
for  transition  acids  presented  by  Ghosh,  although  in  each  case  the  data 
for  the  highest  dilutions,  where  the  variations  in  k  become  much  more 
pronounced,  are  prudently  omitted. 

The  Electrical  Conductivity  of  Pure  Salts  in  the  Solid  and  Fused 
States. — Most  of  Ghosh's  fifth  paper*^  is  occupied  with  the  derivation 
of  equations  for  the  variation  of  the  specific  conductivity  of  a  solid  salt 
with  temperatiu-e,  and  the  presentation  of  experimental  data  in  support 
of  these  equations.  At  first  sight,  the  concordance  of  the  observed  figures 
with  those  calculated  from  Ghosh's  final  equation*' 


2R 


is  indeed  striking.     On  closer  examination,  however,  it  appears  that  it 

^  Ghosh,  Ref.  17,  p.  707.  By  good  chance,  Ghosh  does  not  use  this  equation  for 
calculating  x  and  a  in  his  tables  for  transition  acids.  The  values  given  in  these  tables 
are  consequently  correct. 

«  Ref.  17,  p.  795. 

«  KendaU,  /.  Chem.  Soc,  101, 1290  (1912). 

«  Ghosh,  ibid.,  117,  823  (1920). 

^  The  minus  sign  between  the  terms  l/TiTx  and  l(Tni}  in  this  equation  in  Ghosh's 
article  is  evidently  a  typographical  error. 
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is  necessary  to  utilize  the  experimental  values  of  n  at  two  temperatures 
Ti  and  Tt  to  evaluate  Wo  (the  work  required  to  free  the  ions  of  a  gram- 
molecule  at  absolute  zero)  for  each  salt.  The  figures  for  n  (calc.)  and  $i 
(obs.)  are  thus  made  identical  at  two  points  in  the  temperature  range, 
and  in  Ghosh's  tables  comparative  figures  for  m  are  given  only  for  from 
one  to  three  other  temperatures,  in  no  case  differing  more  than  50^ 
from  a  fixed  point.  Since  n  varies  regularly  with  the  temperattu-e/* 
agreement  between  calculated  and  observed  values  under  the  above 
conditions  is  almost  inevitable  and  does  not  necessarily  establish  the  va- 
lidity of  several  new  assumptions  which  Ghosh  introduces. 

Only  one  of  these  assumptions  will  be  considered  here,  namely,  that 
W  is  zero  at  the  melting-point  T^^  or,  in  other  words,  that  fused  salts 
are  completely  dissociated  into  free  ions.  This  assumption  is  obviously 
in  direct  opposition  to  the  space-lattice  arrangement  postulated  in  earlier 
articles,  since  the  proximity  of  the  oppositely-charged  radicals  in  the 
pure  melt  would  certainly  involve  a  large  proportion  of  bound  ions.  It 
is  also  incompatible  with  the  experimental  results  of  Goodwin  and  Mailey," 
which  show  that  the  conductivity  of  a  fused  salt  mixture,  when  the  com- 
ponents contain  a  common  ion,  is  less  than  that  computed  from  the  law 
of  mixtures,  while  in  a  mixture  containing  no  common  ion,  where  metath- 
esis is  possible,  the  conductivity  is  greater. 

The  conductivity  of  silver  iodide  at  its  melting  point  is  actually  less 
in  the  fused  than  in  the  crystalline  state.'^  Fused  aluminum  chloride 
and  bromide  are  practically  non-conductors.'^  It  is  rather  difficult  to 
understand  why  silver  bromide  is  a  salt,  but  not  silver  iodide,  or  why  the 
halides  of  aluminum  should  not  be  classed  with  those  of  magnesium. 

The  Conductivity  of  Salts  in  Mixtures  of  P3^dine  and  Water. — 
The  sixth  and  last  paper  of  Ghosh''  compares  his  own  experimental  figures 
for  the  molecular  conductivity  of  potassium,  sodium  and  baritun  chlorides 
in  pyridine- water  mixtures  at  0°  and  18®  with  those  calcidated  from  his 
equations.  Satisfactory  agreement  is  again  claimed  but,  as  in  the  case 
of  the  same  salts  in  water,  /i,  (obs.)  and  /i,  (calc.)  are  made  identical 
at  a  point  in  the  centre  of  the  dilution  range,  and  variations  in  pt,  through- 
out this  range  are  in  general  small,  so  that  the  degree  of  concordance 
obtained  is  not  imexpected.  As  the  percentage  of  pyridine  in  the  solvent 
is  increased,  and  the  proportion  of  free  ions  changes  more  rapidly  with 
the  dilution,  significant  deviations  appear.  In  the  case  of  the  solvent 
containing  80%  by  weight  of  pyridine,  these  deviations  range  from  1 

*  Beniath  and  Wainoff  [Z.  physik.  Chem.,  77,  257  (1911)]  reproduce  their  experi- 
mental data  very  satisfactorily  by  the  simple  empirical  equation:  log  m =a  -h  bT, 
••  Goodwin  and  Mailey,  Phys.  Reo.,  25, 469  (1907) ;  26, 28  (1908). 
"  Tubandt  and  Lorenz,  Z.  physik.  Chem.,  87, 623  (1914). 
•<  Isbekow  and  Plotnikow,  Z.  anorg.  Chem.,  71, 328  (1911). 
"  Ref .  47.  p.  1390. 
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to  2  units,  even  although  the  extreme  variation  of  /i,  from  the  fixed  point 
in  the  center  of  the  range  is  only  from  2  to  5  units. 

Much  more  striking  agreement,  however,  is  obtained  by  Ghosh  from  the 
data  of  Hartley,  Thomas  and  Applebey*^  for  lithium  nitrate  in  the  same 
mixed  solvents.  The  dilutions  tested  range  from  v  =  16  to  o  —  1024, 
and  Aiy  (obs.)  is  made  identical  with  fi^  (calc.)  at  a  point  outside  this  in- 
terval (namely  at  v  =  8).  The  concordance  throughout  the  whole  di- 
lution range  is  exceedingly  satisfactory.  Even  when  the  solvent  contains 
from  80  to  96%  by  weight  of  pyridine,  observed  and  calculated  values 
agree  within  the  limits  of  experimental  error. 

This  peculiarity,  remarked  upon  by  Ghosh,  is  fully  explained  when 
reference  is  made  to  the  original  data  of  Hartley,  Thomas  and  Apple- 
bey.**  In  only  2  cases  out  of  a  total  of  32  are  the  values  employed  by 
Ghosh  for  fj^  (obs.)  identical  with  the  figures  obtained  by  these  authors. 
The  values  for  /x,  (calc.)  given  by  Ghosh  in  this  table  are  also  not  derivable 
from  his  equations.  The  agreement  arrived  at  is  therefore  entirely  imagi- 
nary. 

That  the  true  experimental  data  of  Hartley,  Thomas  and  Applebey 
are  not  at  all  in  accordance  with  the  theory  of  Ghosh  will  be  evident 
from  the  figures  for  a  single  pyridine-water  mixture  presented  in  Table 
IV  below. 

Tablb  IV 
MoLSCULAR  CoNDUcTivmr  OF  LrrsiuM  Nitrate  in  a  PyRmnm-WATBR  Mixturs 
CoNTAmiNO  46.67  mol.  pbr  cknt.  of  PvRmiNB    r«26.08' 

V  16 

M«  (obs.) 24.35 

iM  (calc.) 25.1 

The  values  for  /*,  (calc.)  are  obtained  from  the  Ghosh  equation  with 
the  use  of  the  observed  value,  21.50,  for  /i,  at  t;  =  8.  For  the  dielectric 
constant  of  the  solution  the  value  20. 8,  derived  from  Ghosh's  own  data,** 
is  employed. 

Similar  discrepancies  between  n^  (obs.)  and  /i,  (calc.)  are  found  for 
all  mixtures  rich  in  pyridine. 

The  Ionization  of  Salts  in  Solvents  of  Low  Dielectric  Constant.— 
The  Ghosh  equation  fails,  indeed,  to  reproduce  the  ionization  of  salts 
not  only  in  water-pyridine  mixtures  containing  excess  of  pyridine,  but 
in  all  solvents  with  a  low  dielectric  constant.  This  will  be  obvious  from 
a  consideration  of  the  following  table,  where  the  calculated  proportions 
of  free  ions  at  various  dilutions  in  solvents  of  various  dielectric  constants 
are  shown. 

M  Hartley,  Thomas  and  Applebey,  /.  Chem.  Soc,  93, 538  (1908). 
«  Ref .  54,  p.  552. 
»•  R«f .  47,  p.  1392. 


32 

64 

128 

256 

612 

1024 

26.6 

28.4 

30.0 

31.2 

31.7 

31.9 

28.3 

31.2 

33.6 

35.7 

37.5 

39.0 
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Tabi;8  V 

Ionization  op  Uni-univai^nt  Elhctrolytss  at  IS**,  accordino  to  ths  Ohosb 

Thbort 


Dielectric 

Constant  of 

Solvent 

f-l 

v-lO 

f-lOO 

v-lOOO 

f- 10000 

1 

0.81  X  10-" 

0.84  X  10-« 

0.00161 

0.0491 

0.2468 

2 

0.28X10-* 

0.00091 

0.0389 

0.2215 

0.4967 

5 

0.0024 

0.0610 

0.2729 

0.5472 

0.7560 

10 

0.0491 

0.2468 

0.5222 

0.7399 

0.8694 

20 

0.2215 

0.4967 

0.7228 

0.8601 

0.9324 

£0 

0.5472 

0.7560 

0.8782 

0.9415 

0.9724 

100 

0.7399 

0.8694 

0.9371 

0.9703 

0.9864 

The  most  important  point  disclosed  by  the  above  figures  is  that,  in 
solvents  of  low  dielectric  constant,  the  ionization  of  salts  should,  according 
to  the  Ghosh  theory,  increase  exceedingly  rapidly  with  the  dilution.  Where 
the  dielectric  constant  is  very  low,  the  variation  demanded  is  so  extreme 
that  even  the  specific  conductivity  should  increase  with  the  dilution.  For 
example,  in  chloroform,  with  a  dielectric  constant  of  5,  the  specific  con- 
ductivity of  a  0. 01  AT  solution  of  a  uni-univalent  salt  should  exceed  slightly 
that  of  a  1 . 0  AT  solution.  In  benzene,  with  a  dielectric  constant  a  little 
above  2,  the  specific  conductivity  of  a  0. 01  N  solution  should  be  several 
hundred  times  larger  than  that  of  a  1.0  AT  solution.  Even  this  figure 
sinks  into  insignificance  when  compared  with  the  wonderful  results  that 
should  be  obtained  for  the  conductivity  of  air  (with  a  dielectric  constant 
very  Uttle  in  excess  of  1)  containing  a  small  amount  of  vapor  from  a  vola- 
tile salt. 

In  practice,  of  course,  we  do  not  find  the  specific  conductivity  of  salts 
in  solvents  of  low  dielectric  constant  increasing  in  this  remarkable  way. 
Exactly  the  opposite  behavior  is  exhibited;  it  is  a  general  rule  that  the 
specific  conductivity  decreases  so  rapidly  throughout  the  range  1.0  iV 
to  0.01  N  that  even  the  equivalent  conductivity  decreases.  That  this 
abnormality  is  characteristic  for  salts  in  solvents  of  low  dielectric  constant, 
and  that  it  is  more  marked  the  smaller  the  dielectric  constant,  has  been 
conclusively  shown  by  Sachanov.*^ 

Another  point  may  now  be  noted.  The  theory  of  Ghosh  requires  that 
salts  of  the  same  typ^  should  be  ionized  to  the  same  extent  in  the  same  sol- 
vent at  any  given  dilution.  In  an  earlier  section  of  this  paper  the  validity 
of  this  rule  for  uni-univalent  salts  in  aqueous  solution  was  questioned, 
but  no  definite  conclusion  reached.  For  the  same  salts  in  non-aqueous 
solutions,  however,  the  rule  is  obviously  not  valid.  From  the  many  cases 
found  in  the  literature  a  single  example,  the  Uthium  halides  in  pyridine,*' 
i7  S&dumov,  Z.  physik.  Chem,,  80, 13  (1912);  83, 129  (1913). 
»•  Anderson,  7.  Phys.  Chem.,  19,  753  (1915). 
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may  be  cited.  At  25^  and  v  =  10,  the  equivalent  conductivities  are  as 
follows:  lithium  chloride,  0.322;  lithium  bromide,  5.34;  lithium  iodide, 
23.35.  The  abnormal  tendency  of  iodides  towards  polymerization** 
cannot  be  adduced  to  explain  these  figures,  since  it  is  the  iodide  which 
here  behaves  normally. 

Before  we  sum  up  the  results  of  our  examination  of  the  theory  of  Ghosh, 
two  lines  of  evidence  which  have  been  brought  forward  in  recent  papers 
by  other  investigators  in  support  of  the  hypothesis  that  strong  electrolytes 
are  completely  dissociated  in  aqueous  solution  may  be  briefly  discussed. 
The  Distribution  of  a  Salt  between  an  Ionizing  and  a  Non-ionizing 
Solvent. — Silver  perchlorate  is  a  salt  which  is  fairly  soluble  in  benzene, 
giving  a  solution  which  is  practically  non-conducting.  The  extraction 
of  the  salt  from  its  benzene  solution  by  water  is  quantitatively  complete. 
It  follows  that  no  molecular  species  is  common  to  the  two  liquid  layers, 
and  the  conclusion  has  been  drawn  that  the  salt,  in  the  water  layer,  is 
entirely  dissociated.*® 

If  this  conclusion  is  generally  valid,  then  any  strong  electrolyte  should 
be  completely  extracted  froma  non-ionizing  solvent  by  water.  Hantzsch*^ 
has  found,  indeed,  that  dimethyl-ammonium  chloride  is  almost  totally 
removed  from  its  solution  in  chloroform  by  shaking  with  water.  Oppo- 
site results,  however,  have  been  obtained  by  Wedekind  and  Paschke** 
with  the  system  propylbenzylmethylphenyl-auMnoniiun  bromide: chloro- 
form: water,  and  by  Drucker**  with  3  systems  of  the  type  tribenzylam- 
monium  bromide  :bromoform:  water.  In  all  these  cases  it  has  been  es- 
tablished that  the  distribution  of  the  salt  between  the  two  solvents  follows 
the  laws  formulated  by  Nemst  on  the  basis  of  the  Arrhenius  ionization 
theory. 

The  bulk  of  the  evidence  in  this  field,  therefore,  is  against  the  hypothesis 
of  complete  ionization.  In  both  instances  where  practically  complete 
extraction  has  been  claimed,  the  solubility  ratio  is  already  overwhelmingly 
in  favor  of  the  water.  Thus,  in  the  experiments  of  Hill,  the  calculated 
distribution  ratio  of  silver  perchlorate  between  water  and  benzene  is 
406  to  1.  While  the  ratio  actually  obtained  was  far  in  excess  of  this, 
yet  it  is  obvious  that  more  convincing  proof  would  be  afforded  if  a  salt 
with  a  smaller  solubility  ratio  could  be  similarly  extracted. 

The  Vapor  Pressure  of  the  Hydrogen  Halides  in  Aqueous  Solution. — 
The  fact  that  a  normal  solution  of  hydrochloric  acid  does  not  have  an 
appreciable  vapor  pressiure  of  hydrogen  chloride,  although  according  to 

w  Ghosh,  Ref.  17,  p.  630. 

^  HiU,  Tras  JouRNAi.,  43,  264  (1921). 

•»  Hantzsch,  Zentr,,  [2]  1902,  p.  922;  Ber„  38, 1046  (1906). 

"  Wedekind  and  Paschke,  Z.  physik.  Chem.,  73, 118  (1910). 

•>  Drucker,  Z.  Elektrochem.,  18,  562  (1912). 
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the  Arrhenius  theory  15%  of  the  solute  must  be  assumed  to  be  m  the  un- 
ionized state,  has  been  cited  by  Noyes  and  Maclnnes**  as  another  point 
in  favor  of  the  complete  dissociation  hypothesis. 

An  alternative  explanation  of  this  phenomenon,  however,  is  available. 
The  hydrogen  haUdes,  like  all  strong  adds,**  are  very  extensively  hydrated 
in  aqueous  solution,  and  the  lack  of  an  appreciable  vapor  pressure  may  very 
well  be  due  to  the  practically  complete  combination  of  volatile  HCl  mole- 
cules with  the  solvent  to  form  non-volatile  complexes  of  the  type  HCl.rc- 
H2O. 

The  consideration  of  an  analogous  case  may  assist  in  deciding  the 
relative  plausibiUties  of  the  two  explanations.  A  normal  solution  of  water 
in  100%  sulfuric  acid  resembles  exactly  a  normal  solution  of  a  hydrogen 
halide  in  water.  It  is  a  good  conductor  of  electricity,**  and  possesses 
practically  zero  vapor  pressure  of  the  volatile  solute.  •  Are  we  to  con- 
clude that  water,  dissolved  in  sulfuric«%icid,  is  entirely  dissociated  into 
H+  and  OH"? 

The  Role  of  the  Solvent  in  Ionization. — This  brings  us  to  the  vital 
question  of  the  part  played  by  the  solvent  in  ionization.  Both  the  Ar- 
rhenius theory  and  the  theory  of  complete  ionization,  as  at  present  de- 
veloped, refer  conductance  in  solution  entirely  to  the  solute.  The  sol- 
vent is  either  regarded  as  so  much  ''dead  space,"  in  which  the  solute  has 
opportunity  to  dissociate,  or  its  activity  is  restricted  to  the  formation  of 
**ionic  envelopes.**  Detailed  arguments  against  this  point  of  view  have 
been  presented  in  previous  papers,*^  in  which  the  essential  equivalence 
of  solvent  and  solute  has  been  made  the  fimdamental  feature  of  a  modi- 
fied ionization  theory.  Any  hypothesis  which  neglects  one  component 
altogether  is  boimd  to  give  a  distorted  outlook  upon  the  subject  and  to 
lead  to  inconsistent  conclusions. 

Such  inconsistencies,  indeed,  are  immediately  evident  when  we  try 
to  extend  the  current  hypotheses,  which  are  based  almost  entirely  upon  the 
behavior  of  dilute  aqueous  solutions,  to  conducting  solutions  in  general. 
Ethyl  alcohol  is  held  to  be  a  typical  non-electrolyte,  not  broken  up  at 
all  into  ions;  formic  acid  a  typical  weak  electrolyte,  only  slightly  dis- 
sociated in  solution;  hydrogen  chloride  a  typical  strong  electrolyte, 
extensively  (or  wholly)  dissociated  in  solution.    These  distinctions  have 

*^No3res  and  Maclnnes,  Ref.  6,  p.  245.  Maclnnes,  Tms  Journal,  43,  1225 
(1021).  The  discussion  of  other  points  adduced  in  support  of  the  theory  of  complete 
dissociation,  particularly  the  interpretation  of  electromotive-force  meastu-ements  and  the 
vexing  question  of  the  abnormal  activity  of  undissodated  molecules,  will  be  taken  up  in  a 
subsequent  article. 

••  See  Kendall.  Booge  and  Andrews,  Tms  Journal,  39,  2307  (1917). 

••  Walden.  Trans,  Faraday  Soc,  6,  71  (1910). 

•^  See,  particularly,  Kendall  and  Booge,  This  Journal,  39,  2323  (1917).  Kendall 
and  Gross,  ibid.,  43, 1416  (1921).    Kendall,  Proc,  Nat.  Acad.  Sci.,  7,  56  (1921). 
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no  basis  in  fact,  and  have  been  drawn  simply  because  we  have  allowed 
our  aqueous  environment  to  mislead  us.  If  we  worked  in  a  world  where 
formic  acid  was  the  standard  reference  liquid,  ethyl  alcohol,  water  and  hy- 
drogen chloride  would  all  appear  to  be  weak  electrolytes.  In  a  universe 
where  trichloro-acetic  acid  was  the  common  solvent,  water  would  become 
a  typical  strong  electrolyte  and  hydrogen  chloride  a  practically  non- 
ionized  substance. 

Our  division  of  substances  into  strong,  transition,  weak  and  non-elec- 
trolytes (or  into  polar  and  non-polar  compounds)  is  therefore  in  many 
cases  purely  arbitrary.  This  may  be  emphasized  by  attempting  to 
fix  definite  limits  for  any  particular  dass.  Naphthalene-/9-sulfonic  add, 
according  to  Ghosh,**  resembles  hydrogen  chloride  in  being  entirdy  dis- 
sociated in  water  solution;  trichlorobut3rric  add,  however,  is  a  "transi* 
tion  add'*  and  gives  both  undissodated  molecules  and  ions.  Where 
are  we  to  draw  the  line  between  tMnsition  and  strong  dectrol)rtes?**  How 
long,  alsO:  will  a  strong  dectrolyte  remain  "completely  ionized"  as  the 
didectric  constant  of  the  solvent  is  gradually  decreased?  Hill  considers 
silver  perchlorate  to  be  entirdy  non-io|dzed  in  benzene  and  entirdy 
ionized  in  water;  what  would  be  its  character  in  a  solvent  of  intermediate 
type?  Ghosh,  on  the  other  hand,  regards  the  ionization  of  strong  dec- 
trolytes  in  solvents  of  low  didectric  constant  to  be  still  complete,  but  the 
limit  must  evidently  be  reached  before  the  didectric  constant  approxi- 
mates to  unity,  since  otherwise  hydrogen  chloride  diluted  with  dry  air 
should  be  an  excellent  conductor  of  electridty.^* 

The  "strength  of  an  dectrolyte"  or  the  "polarity  of  a  compound" 
depends  primarily,  as  has  been  shown  experimentally  in  preceding  ar- 
tides,^*  upon  its  ability  to  form  ionically  unstable  complexes  with  the  sol- 
vent sdected.  The  most  serious  objection,  therefore,  to  the  theory  of 
Ghosh  is  that  it  ignores  entirdy  the  part  played  by  the  solvent  in  the 
ionization  process. 

Conclusions. — ^The  nature  of  the  results  obtained  from  our  detailed 
examination  of  Ghosh's  artides  renders  extended  comment  superfluous. 
It  is  dear  that  the  equations  employed  by  Ghosh  are  not,  in  general, 
in  satisfactory  agreement  with  the  experimental  facts.  In  certain  cases 
they  serve  very  well  as  interpolation  equations  over  a  restricted  range, 
but  confirmatory  evidence  as  to  their  fundamental  validity  is  totally 
lacking.  It  may  be  noted  that  the  application  of  the  corrections  dis- 
cussed in  the  earlier  sections  of  this  paper  would  not  materially  affect  this 
conclusion. 

••  Ref .  17,  p.  794. 

••  Compare  Dawson,  Trans.  Faraday  Soc,,  15|  162  (1010). 

w  See  Table  V,  p.  733. 

71  See,  particularly,  Kendall  and  Gross,  This  Jousnaz^  43, 1426  (1921). 
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It  has  not,  of  course,  been  proved  hereby  that  the  whole  theory  of  Ghosh 
is  invalid.  The  abnormality  of  strong  electrolytes  cannot  possibly  be 
accounted  for  on  a  purely  kinetic  basis,  and  the  necessity  of  taking  into 
consideration  the  electrical  forces  exerted  between  the  various  species 
(molecular  or  ionic)  existent  in  a  conducting  solution  cannot  be  ignored. 
This  idea,  however,  is  not  original  with  Ghosh;  it  has  been  brought  for- 
ward by  several  previous  investigators,  notably  by  Noyes.**  Ghosh 
carries  it  too  far  in  one  respect,  namely,  in  regarding  the  electrical  forces 
as  all-important  and  neglecting  all  other  factors  entirely.  In  another 
respect  he  does  not  carry  it  far  enough,  namely,  in  restricting  the  electrical 
forces  to  solute  particles  and  disregarding  the  polarity  of  the  solvent. 

In  the  absence  of  any  evidence  in  its  favor,  Ghosh's  second  postulate — 
the  space-lattice  arrangement  of  the  charged  solute  particles  in  definite 
mean  positions  in  the  solution — cannot  be  considered  as  more  than  an 
interesting  possibility.  While  it  cannot  be  definitely  disproved,  the 
behavior  of  salts  in  solvents  of  low  dielectric  constant  argues  very  strongly 
against  it  For  the  present,  it  is  certain  that  no  arguments  have  been 
adduced  which  would  justify  us  in  discarding  entirely  our  present  kinetic 
interpretation  of  the  state  of  affairs  in  conducting  solutions.  The  ioniza- 
tion theory  of  Arrhenius  may  be  in  need  of  modification,  but  no  case 
has  yet  been  made  out  for  its  abandonment. 

Summary 

A  critical  analysis  of  the  ionization  theory  of  Ghosh  has  led  to  the 
following  conclusions. 

1.  The  second  and  third  postulates  are  incpnsistent.  If  the  particles 
of  a  salt  in  solution  possess  a  definite  space-lattice  arrangement,  as  in  the 
crystalline  state,  then  the  combination  of  2  oppositely  charged  particles 
to  form  a  salt-molecule  or  a  completely  satiu-ated  electrical  doublet  is 
impossible. 

2.  Ghosh's  calculation  of  the  electrical  work  required  to  separate 
the  component  radicals  of  a  gram-molecide  of  dissolved  salt  is  erroneous. 
The  value  actually  derived,  assuming  a  cubic  space-lattice  arrangement, 
exceeds  that  obtained  by  Ghosh  by  75%. 

3.  The  experimental  conductivity  data  for  potassium  chloride  solu- 
tions are  not  in  agreement  with  the  equation  which  Ghosh  obtains  from 
his  postulates,  or  with  various  corrected  forms  of  this  equation. 

4.  The  agreement  claimed  by  Ghosh  to  exist  between  his  equations 
and  the  experimental  results  of  previous  investigators  is  largely  fictitious. 
The  remarkable  coincidence  of  calculated  and  observed  values  in  many 
tables  is  due  to  far  too  frequent  errors  of  calculation  and  transcription. 

^  Noyes,  Tras  Journai,,  30, 361  (1908). 
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In  other  cases,  the  only  legitimate  deduction  is  that  the  equations  tested 
serve  very  well  as  interpolation  equations  over  a  restricted  range. 

5.  No  confirmation  of  the  theory  of  Ghosh  is  afforded  by  the  experi- 
mental data  for  (a)  the  variation  of  equivalent  conductivity  with  dilution 
for  salts  in  aqueous  solution,  (b)  the  temperatiu-e  coefficient  of  the  ratio 
M»/Mooi  (c)  the  electrical  conductivity  of  non-aqueous  solutions,  (d)  the 
molecular  nimiber  i  and  the  Clausius  theorem,  (e)  the  ionization  of  strong 
acids,  (f)  the  ionization  of  weak  acids,  (g)  the  ionization  of  transition 
acids,  (h)  the  electrical  conductivity  of  pure  salts  in  the  solid  and  fused 
states,  (i)  the  conductivity  of  salts  in  mixtiu-es  of  pyridine  and  water, 
(j)  the  ionization  of  salts  in  solvents  of  low  dielectric  constant,  (k)  the 
distribution  of  a  salt  between  an  ionizing  and  a  non-ionizing  solvent, 
(1)  the  vapor  pressiu-e  of  the  hydrogen  halides  in  aqueous  solution. 

6.  The  r61e  of  the  solvent  in  ionization,  which  is  ignored  altogether 
by  Ghosh,  must  be  taken  into  accoimt  in  any  complete  theory  of  conduct- 
ing solutions. 

7.  In  its  present  form,  the  ionization  hypothesis  of  Ghosh  is  imaccept- 
able,  and  certain  of  the  postulates  upon  which  it  is  based  must  be  either 
modified  or  rejected. 

Nbw  York,  N.  Y. 
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An  important  factor  in  the  commercial  success  of  the  Haber  process 
for  the  synthesis  of  ammonia  is  the  cost  of  the  pure  hydrogen  which  it 
requires.  At  present  this  hydrogen  is  usually  obtained  by  * 'converting*' 
mixed  water-  and  producer-  gas  using  a  considerable  excess  of  steam 
and  a  suitable  catalyst,  into  a  mixture  relatively  rich  in  hydrogen  and 
carbon  dioxide,  and  poor  in  carbon  monoxide.  The  carbon  dioxide  is 
then  largely  removed  by  a  thorough  water-scrubbing  under  moderate 
pressures.  The  compositions  of  these  gaseous  mixtures  are  as  follows, 
according  to  R.  S.  Tour.^ 

♦  Published  by  permission  of  Brigadier  General  Amos  A.  Fries,  Chief  C.  W.  S., 
U.  S.  Army. 

We  wish  to  acknowledge  the  valuable  assistance  received  from  W.  J.  Geldard  in  the 
execution  of  much  of  the  experimented  work  described  in  this  paper. 

»  Tour,  /.  Ind,  Eng.  Chem.,  12. 844  (1920). 
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After  conversion         After  water-scrubbing 

%  % 

Ha 52-52  73-72 

N, 17-17  24-23 

CO, 29-27  0.1-1.0 

CO 2-4  3-6 

X 0.4-0 .8  0.5-1.0 

where  X= argon,  methane,  etc. 

To  remove  the  3  to  5%  of  carbon  monoxide  remaining  in  the  gaseous 
mixture  after  the  water-scrubbing,  the  practice  has  been  to  scrub  thor- 
oughly under  high  pressure  with  ammoniacal  solutions  of  cuprous  salts. 
By  this  means  the  carbon  monoxide  content  can  be  reduced  to  between 
0. 1  and  0. 01%.  This  degree  of  purity  may  be  adequate,  but  the  process 
is  difficult  and  costly.  It  is  desirable  therefore,  if  possible,  to  devise  one 
which  is  simpler  and  more  economical. 

With  this  requirement  in  mind,  we  have  investigated  the  behavior  of 
an  absorbent  for  carbon  monoxide  called  Hopcalite,  developed  during 
the  war  by  the  U.  S.  Bureau  of  Mines  and  the  Chemical  Warfare  Service 
of  the  U.  S.  Army.*  This  material,  consisting  of  a  mixture  of  metallic 
oxides,  is  not  strictly  speaking  an  absorbent,  for  it  operates  by  burning 
the  carbon  monoxide  catalytically  at  the  expense  of  the  oxygen  of  the  air; 
and  if  the  air  is  adequately  dried,  it  is  not  itself  altered  in  the  process. 
If  this  material  should  prove  to  be  imaffected  by  hydrogen  imder  any 
feasible  conditions  at  which  it  would  catalytically  oxidize  carbon  monoxide, 
there  appears  to  be  the  possibility  of  a  cheap  and  simple  method  for  the 
removal  of  carbon  monoxide  from  the  above  mentioned  mixture. 

There  is  a  good  deal  of  evidence  in  the  literature  that  as  a  rule  easily 
reducible  oxides  are  reduced  at  lower  temperatures  by  carbon  monoxide 
than  by  hydrogen.  Thus,  Campbell'  fotmd  for  a  specially  prepared 
copper  oxide,  and  Wright  and  Luff*  for  different  varieties  of  the  various 
oxides  of  copper,  iron,  manganese,  lead,  nickel,  and  cobalt,  initial  tempera- 
tures of  reduction  averaging  about  60°  lower  for  carbon  monoxide  than  for 
hydrogen.  Fay,  Southerland  and  Ferguson*  obtained  similar  results 
with  the  oxides  listed  in  the  following  table. 

Tabije  I 
Initiai,  Tbmpbraturbs  of  reduction 

Oxide  With  CO     With  Ht  Oxide  With  CO  With  Hi 

^C.  °C.  ^C.  "C. 

AuiO, 0  0  HgOred 90                125 

Ag,0 0  0  CdO 140                125 

HgiO 0  80  CrO, 95-100  140-160 

HgO  yellow 0  50 


*  Lamb,  Bray  and  Frazer,  /.  Ind.  Eng,  Chem,,  12, 213  (1920). 

*  Campbell,  Am.  Chem.  7.,  17,  688  (1895). 

<  Wright  and  Luif,  /.  Chem.  Soc,  33, 1,  504  (1878). 

» Fay,  Southerland  and  Ferguson,  Poly.  Engineering,  10,  72  (1910). 
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It  seemed  not  unlikely,  therefore,  that  Hopcalite  would  also  require 
a  higher  temperatture  to  react  with  hydrogen  than  with  carbon  monoxide, 
and  that  a  range  of  temperatures  would  exist  in  which  carbon  monoxide 
might  be  completely  and  rapidly  oxidized,  while  hydrogen  would  be 
unaffected.  We  have  therefore  studied  the  behavior  of  Hopcalite  toward 
both  dry  and  moist  mixtures  of  hydrogen  and  air,  of  carbon  monoxide  and 
air,  and  of  hydrogen  and  carbon  monoxide  and  air. 

Behavior  of  Hopcalite  toward  a  Dry  Mixture  of  Hydrogen  and  Air 
We  first  tried  the  behavior  of  Hopcalite  at  room  temperature  toward 
a  dry  mixture  of  90%  hydrogen  and  10%  air.*  The  Hopcalite  was  con- 
tained in  a  glass  tube  of  3  sq.  cm.  cross  section  in  a  layer  5  cm.  deep. 
The  glass  tube  was  siurounded  by  a  larger  glass  tube  wound  with  a  spiral 
of  Nichrome  ribbon  which  could  be  electrically  heated.  A  thermometer 
was  fitted  into  the  inner  tube  with  its  bulb  just  above  the  catalyst. 
The  af9uent  gas  mixture  passing  up  through  the  narrow  anmilflr 
space  between  the  two  tubes  was  preheated,  and  then  passed  down- 
ward through  the  catalyst.  The  gas  mixtiure  was  prepared  by  mixing 
hydrogen  from  a  pressiure  cyUnder  in  the  proper  proportions  with  air 
from  a  gasometer  by  means  of  flowmeters,  and  drawing  this  mixture 
through  a  third  flowmeter,  through  bead  drying  towers  containing 
sulfuric  acid,  and  thence  leading  it  into  the  catalyst  tube.  A  rate  of  flow 
of  1500  cc.  per  minute  was  adopted,  corresponding  to  a  space  velocity 
of  6000  per  hour.^  Under  these  conditions  after  a  half  hour's  running 
no  warming  of  the  Hopcalite  occurred,  and  hence  no  considerable  oxi- 
dation of  hydrogen  coidd  have  taken  place.  When,  however,  the  tem- 
peratiu-e  of  the  affluent  gases  was  raised  to  about  60**  or  70**  rapid  oxidation 
of  the  hydrogen  set  in,  and  the  catalyst  became  incandescent    Since 

*  The  Hopcalite  catalsrst  used  in  this  investigation  was  prepared  in  the  small  ex- 
perimental plant  at  the  American  University  [for  full  details  see  Merrill  and  Scalione, 
Tms  Journal,  43,  ld82  (1921)].  It  was  a  2-component  mixture  consisting  of  60% 
of  MnOs  and  40%  of  CuO,  primarily  designed  for  a  carbon  monoxide  absorbent  or 
catalyst  for  gas-mask  canisters.  All  precipitations  were  carried  out  in  iron  containers; 
but  the  precipitates  were  washed  in  wooden  tanks  by  decantation,  ordinary  tap  water 
being  used. 

The  preparation  of  each  component  of  the  Hopcalite  mixture  was  as  follows.  The 
manganese  dioxide  was  prepared  from  manganous  sulfate  and  potassium  permanganate 
in  strong  sulfuric  add  solution,  the  first  step  being  the  formation  of  MnCSOOt.  On 
dilution  the  Mn(S04)2  is  hydrolyzed  to  MnOi  giving  a  very  finely  divided  precipitate 
which  is  extremely  satisfactory  as  a  component  in  this  catalytic  absorbent.  The  MnOs 
was  activated  by  mixing  with  it  40%  of  cupric  oxide  prepared  from  basic  copper  carbon^ 
ate.  After  the  thorough  mixing  of  these  two  thoroughly  washed  pulps  in  a  kneader 
and  compression  of  the  mixture  under  6000  lbs.  per  sq.  inch,  the  pressed  cake  was  dried 
at  120-130^,  crushed  to  the  desired  mesh  (in  these  experiments  10-16)^  spreened,  and 
redried  for  3  hours  at  200"*. 

'  /.  e,,  6000  liters  per  liter  of  c^italyst  per  hour. 
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Hopcalite  oxidizes  carbon  monoxide  catalytically  under  these  conditions, 
at  temperatures  of  0°  and  lower,*  this  experiment  indicates  that  it  shoidd 
be  possible  to  oxidize  carbon  monoxide  preferentially  in  the  presence  of 
a  large  excess  of  hydrogen  at  room  temperature,  provided  there  is  no  in- 
duction effect  of  the  burning  carbon  monoxide  on  the  hydrogen. 

Behavior  of  Hopcalite  toward  a  Dry  Mixture  of  Hydrogen,  Carbon 

Monoxide  and  Air 

To  test  the  above  conclusions,  a  mixture  of  89. 5%  of  hydrogen,  0. 5% 
of  carbon  monoxide  and  10%  of  air  was  dried  and  passed  through  the  cata- 
lyst at  a  space  velocity  of  6000  per  hour,  and  provision  made  to  detect 
any  water  formed  or  carbon  monoxide  remaining  unbumed.  The  pro- 
cedture  was  as  foUows. 

Hydrogen  prepared  from  zinc  and  hydrochloric  add,  and  purified  from  arsine  and 
phosphine,  was  mixed  in  a  large  gasometer  with  the  required  proportions  of  air  and  of 
carbon  monoxide  prepared  from  formic  add.  From  this  the  gas  mixture  passed  through 
2  bead  towers  charged  wiih  sulfuric  add.  through  a  flowmeter,  and  then  into  an  un- 
jacketed  glass  tube  of  1  sq.  cm.  cross  section  containing  the  catalyst.  Issuing  from  this, 
it  passed  through  a  wdghed  U-tube  containing  phosphorus  pentoxide,  through  bead 
towers  containing  a  solution  of  potassitun  hydroxide,  and  then  through  2  Gomberg 
bulbs  charged  with  a  solution  of  barium  hydroxide  to  indicate  the  completeness  of  the 
removal  of  the  carbon  dioxide.  The  gases  were  now  led  through  a  quartz  tube  filled  with 
copper  turnings  and  heated  dectrically  to  300^,  in  order  to  oxidize  any  carbon  monoxide 
not  burned  in  the  catalyst;  through  2  more  Gomberg  bulbs  containing  barium  hydroxide 
solution,  and  finally  through  the  rotary  oil  pump  to  waste.  A  rate  of  flow  of  500  oc. 
per  minute  corresponding  to  a  space  vdodty  of  6000  per  hour  was  maintained.  The 
experiment  was  continued  for  1  hour,  but  no  increase  in  weight  of  the  phosphorus 
pentoxide  tube  occurred,  nor  was  there  any  test  for  carbon  dioxide  in  the  final  Gomberg 
bulb.  The  experiment  was  repeated  several  times  with  other  samples  of  Hopcalite,  with 
identical  results.  This  demonstrates  that  the  carbon  monoxide  is  completdy  burned 
under  these  conditions,  and  that  no  more  than  a  trace  of  hydrogen  can  have  been 
oxidized.* 

The  same  experiment  was  now  tried  with  a  gas  mixture  of  similar  composition  ex- 
cept that  it  contained  1%  of  carbon  monoxide.  The  reaction  proceeded  smoothly  for 
7  minutes,  whereupon  the  Hopcalite  became  incandescent.  Considerable  moisture 
deposited  on  the  walls  of  the  catalyst  tube  and  collected  in  the  phosphorus  pentoxide 
tube.  The  experiment  was  repeated  several  times  with  different  samples  of  Hopcalite 
with  the  same  result 

These  experiments  indicate  that  with  1%  carbon  monoxide  the  heat 
of  reaction  is  so  considerable  that  oxidation  of  the  hydrogen  begins  and 
a  rapid  incandescence  follows. 

'  It  does  not  demonstrate  that  no  hydrogen  burned,  for  we  know  that  the  Hopcalite 
is  deddedly  hygroscopic,  and  traces  of  moisture,  if  formed,  might  have  been  retained 
in  it.  However,  since  no  decrease  in  its  effidency  occurred,  no  more  than  a  few  eg.  of 
water  could  have  been  formed  with  the  small  amount  of  catalyst  used,  and  this  would 
correspond  to  a  ratio  Qf  less  than  1 :  100  between  the  amoimt  of  hydrogen  and  carbpi^ 
monoxide  buniedi 
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Behavior  of  Hopcalite  toward  a  Moist  Mixture  of  Hydrogen  and  Air 

The  actual  gases  to  be  purified  in  the  manufacture  of  hydrogen  from 
water-gas  are  satiu-ated  with  water  at  a  temperatiure  of  perhaps  30®, 
and  it  is  desirable  to  remove  the  carbon  monoxide  from  this  mixture  if 
possible  without  drying.  The  behavior  of  Hopcalite  toward  moist  mix- 
tiu-es  of  hydrogen  and  air  was  therefore  tried. 

In  order  to  detect  the  first  trace  of  action  with  greater  certainty  than  in  the  former  ex- 
periments a  different  type  of  catalyst  tube  was  employed.  It  consisted  of  3  concentric 
metal  tubes.  The  inner  one  of  about  2  sq.  cm.  cross  section  served  as  a  cooling  tube, 
and  water  could  be  circulated  through  it.  The  intermediate  tube  was  of  about  5 
sq.  cm.  cross  section,  and  the  catalyst  was  contained  in  a  layer  5  cm.  deep  in  the  annular 
space  between  it  and  the  inner  tube.  In  the  catalyst  were  placed  4  thermocouples  at 
different  depths.  As  they  were  sensitive  to  less  than  1  **  the  slightest  oxidation  of  hydrogen 
would  be  disclosed.  The  outer  tube  had  a  cross  section  of  about  9  sq.  cm.  and  was 
wound  with  Nichrome  ribbon  which  could  be  heated  electrically.  The  gas  mixture 
was  humidified  by  passing  through  2  bead  towers  in  series  into  which  water  was  kept 
slowly  dropping,  inserted  in  the  place  of  the  final  dnring  towers.  These  2  towers  and  the 
catal3rst  tube  were  placed  in  a  large  electrically  heated,  sUrred.  and  regulated  air  thermo- 
stat which  maintained  a  temperature  of  40**^  0.1'',  and  was  provided  with  ample 
shields  and  deflectors  to  eliminate  any  irregularities  of  temperature  due  to  radiation  from 
the  incandescent  lamp  heater.  By  this  means  an  aqueous  tension  of  50  nun.  of  mercury 
was  imparted  to  the  affluent  gas.  This  gas  entered  the  catalyst  tube  at  the  top  of  the 
annular  space,  and  as  this  was  rather  long,  was  thereby  somewhat  preheated. 

Several  determinations  with  this  apparatus  at  a  space  velocity  of  6000 
per  hour  and  with  mixtures  of  90%  hydrogen  with  10%  air  and  1%  hy- 
drogen in  99%  air  showed  that  with  this  amoimt  of  water  vapor  present 
no  considerable  oxidation  of  the  hydrogen  occurred  until  a  temperature 
of  125**  was  reached  in  the  catalyst. 

Behavior  of  Hopcalite  toward  a  Moist  Mixture  of  Carbon 
Monoxide  and  Air 

Careful  experiments  were  now  made  to  ascertain  the 
temperature  required  for  complete  combustion  of  carbon 
monoxide  in  nitrogen,  in  the  presence  of  oxygen  and  similar 
amoimts  of  water  vapor.  A  still  more  carefully  designed 
reaction  tube  shown  in  Fig.  1  was  used  for  this  purpose. 

It  consisted  of  2  copper  tubes  7  by  400  mm.  running  vertically 
through  a  water-bath.  The  gas  passed  up  through  one  of  them  which 
was  empty  and  served  as  a  preheater,  and  down  through  the  other 
which  was  filled  for  a  distance  of  about  30  cm.  along  its  middle  with 
15  cc.  of  catalyst.  The  water  was  heated  nearly  to  the  desired  tempera- 
ttu-e  by  means  of  a  small  coil  of  copper  steam-pipe,  and  the  finer  regula- 
tion obtained  by  an  electrically  heated  coil  of  Nichrome  wire  immersed 
in  the  bath.  The  bath  was  stirred  by  means  of  air.  The  same  htmiidity 
towers  and  air  thermostat  as  described  above  were  used.  The  two  gas 
mixtures  studied  contained,  before  humidification,  0.5%  of  carbon 
monoxide,  2.5%  of  air,  97%  of  nitrogen;  and  1.0%  carbon  monoxide, 
Fig.  1.        5%  of  air,  94%  of  nitrogen;  affording  in  each  case  twice  the  theoretical 


Digitized  by  LjOOQ IC 


PREFERENTIAL  CX>BCBUSTlON  OF  CARBON  MONOXIDE 


743 


amount  of  oxygen  required  for  the  combustion  of  the  carbon  monoxide.     A  space 
velocity  of  6000  per  hour  was  maintained. 


Tabids  II 

Percentage  Eppiciency  op  HopcAi^trE  m  Oxidizino  Carbon  Monoxioe  in  Gas 
Mdcturbs  Containing  H2O  at  a  Pressure  09  50  Mm.  of  Mercury 


0.6%  of  CO,  0.6%  of  O,.  99%  of  N, 


1%  of  CO,  1%  of  Oi.  98%  of  N, 
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Determinatioiis  were  made  by  adjusting  the  bath  to  a  constant  temperaturt. 
passing  the  gas  mixture  through  the  cataljrst,  and  determining  the  unbumed  carbon 
monoxide  by  means  of  the  calorimetric  method.*  Sufficient  time  was  allowed  to  insure 
the  establishment  of  equilibrium  conditions  of  constant  efficiency.  The  results  are 
collected  in  Table  II,  and  are  shown  graphically  in  Fig.  2. 

These  results  were  confirmed  by  many  additional  measm'ements. 
They  indicate  that  at  a  temperature  of  90-100  **  in  air  complete  oxidation 
of  carbon  monoxide  is  obtained  even  in  the  presence  of  water  vapor  equiva- 
lent to  50  mm.  of  merciuy  pressure,  and  with  a  relatively  small 
excess  of  oxygen  (100%) ;  and  that,  therefore,  a  margin  of  about  20 
exists  between  this  temperature  and  that  at  which  hydrogen  begins 
to  be  oxidized  tmder  similar  conditions. 

Behavior  of  Hopcalite  Toward  a  Moist  Mixture  of  Carbon  Monoxide 
and  Hydrogen  Containing  a  Little  Oxygen 

It  remained  to  find  out  whether  this  margin  of  20°  between  the  tempera- 
tures of  oxidation  of  the  separate  gases  woidd  persist  in  a  mixttu-e  of  the 
two  gases,  or  in  other  words,  whether  or  not  the  oxidation  of  the  carbon 
monoxide  exerted  any  induction  efiFect  upon  the  oxidation  of  the  hydrogen. 

To  do  this,  and  at  the  same  time  to  show  that  no  serious  deterioration 
of  the  catalyst  occurs  on  prolonged  running  even  at  eflBdencies  less  than 
100%,  a  prolonged  continuous  test  was  carried  out  on  a  gaseous  mixture 
containing  a  little  carbon  monoxide  and  oxygen  and  a  large  amoimt  of 
hydrogen. 

Determination  of  Carbon  Monoxide  in  the  Presence  of  Hydrogen. — The  above 
mentioned  calorimetric  method  so  useful  for  the  analysis  of  carbon  monoxide  in  air  could 
not  be  used  here  on  account  of  the  relatively  large  amount  of  hydrogen  present  A 
complete  combustion  of  the  gas,  on  the  other  hand  presented  numerous  difficulties.  We 
attempted  to  apply  the  iodine  pentoxide  method  which  has  been  recommended  for  this 
purpose,^*  but  without  success.  We  found  that  at  150-160^  iodine  pentoxide  oxidizes 
about  15%  of  the  hydrogen  in  a  1  or  10%  hydrogen-air  mixture,  and  26%  of  the  hydrogen 
in  a  10%  hydrogen,  0.9%  carbon  monoxide,  and  89.1%  air  mixture.  At  96-100'' 
only  about  2.6%  of  the  hydrogen  of  a  10%  hydrogen-air  mixture  was  oxidized,  but  with 
1%  carbon  monoxide  over  90.5%  and  96.5%  was  oxidized  at  this  temperature  in  two 
determinations.  This  greater  activity  of  our  iodine  pentoxide  may  have  been  due  to  its 
preparation  by  the  chloric  add  method." 

Finally,  since  we  had  already  demonstrated  that  Hopcalite  oxidizes  carbon  monoxide 
completely  at  room  temperature  in  dry  hydrogen  containing  a  little  oxygen,  we  simply 
dried  the  effluent  gas,  passed  it  through  a  layer  of  this  substance,  and  collected  the 
carbon  dioxide  in  standard  alkali.  There  were,  however,  two  difficulties  which  required 
consideration.  In  the  first  place,  it  was  found  that  Hopcalite  retains  adsc^bed  carbon 
dioxide  tenaciously  at  room  temperature.  The  adsorbed  carbon  dioxide  is  given  off 
slowly  at  100  ^  and  more  rapidly  at  140^  (boiling  xylene),  while  at  205^  (boiling  nitro- 

*  Lamb  and  Larson,  Tms  Journal,  41, 1908  (1919). 

^*  Nidoux,  Compt.  rend.,  126,  746  (189^).  Kinnicut  and  Sanford,  Tms  Journal, 
22,  14  (1900).  Graham  and  WmhiU,  r/^Qiem.  Soc.,  105,  1996  (1914).  Graham, 
7.  Soc.  Chem.  Ind,.  38,  [2]  10  (1919).        ^ 

"  Lamb,  Bray  and  Geldard.  Tbis  Jc>ioBNAL,  42, 1636  (1920). 
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benzene)  carbon  dioxide  of  constitution  is  apparently  given  off  slowly  from  the  basic 
carbonates  in  the  Hopcalite,  for  prolonged  heating  to  240^  failed  to  eliniinate  it  com- 
pletely. After  use,  therefore,  the  Hopcalite  was  first  swept  out  at  room  temperature 
with  air,  and  then  heated,  and  the  sweeping  continued.  The  length  of  time  necessary  for 
complete  removal  varies  with  the  amount  of  carbon  dioxide  adsorbed,  the  qtiantity  of 
Hopcalite  used  and  the  velocity  of  the  air  current,  but  in  our  experiments  45  minutes 
was  found  to  be  adequate.  The  second  difficulty  was  the  complete  absorption  of  the 
carbon  dioxide  in  the  dilute  alkali  from  such  relatively  dilute  mixtures  (0.5  to  0.02%  of 
carbon  monoxide)  at  rapid  rates  of  flow.  This  was  successfully  accomplished  by  using 
3  small  absorption  bulbs  of  the  injector  type  arranged  in  series,  and  heated  to  about  80^ 
in  a  bath  of  water.  A  centrifugal  stirrer-injector  would  probably  be  even  more  efficient. 
Prom  the  point  of  view  of  the  difficulty  of  absorption  the  retention  of  the  carbon  dioxide 
by  the  Hopcalite  is  an  advantage,  for  particularly  at  low  concentrations  it  is  practically 
an  adsorbed,  and  can  then  be  driven  out  by  a  slow  current  of  air  at  a  considerably 
higher  concentration.  The  procedure  adopted,  therefore,  is  as  follows.  The  sample  of 
gas,  VBiymg  in  voltmie  from  2  liters  when  about  0.5%  of  carbon  monoxide  is  present  to 
10  liters  when  less  than  0.02%  of  carbon  monoxide  is  present,  is  mixed  with  about  ^/t 
of  its  voltune  of  purified  air,  tmless  it  already  contains  a  considerable  excess  of  oxygen. 
It  b  then  passed  through  bead  towers  moistened  with  potassium  hydroxide  solution, 
another  bead  tower  moistened  with  sulfuric  add,  thence  into  the  oxidation  apparatus, 
and  finally  through  the  absorption  bulbs,  at  a  rate  of  about  300-500  cc.  per  minute. 
Pure  air  is  then  passed  through  the  apparatus  until  the  gas  therein  has  been  displaced. 
Finally  the  xylene  is  heated  to  boiling,  and  a  current  of  pure  air,  quite  slow  at  first  but 
finally  increasing  in  amount  to  about  300  cc.  per  minute,  is  passed  throught  the  apparatus 
for  about  45  minutes.  The  absorption  bulbs  are  then  disconnected,  washed  out  with 
water  free  from  carbon  dioxide,  and  the  liquid  titrated  with  dilute  standard  acid  (about 
0.02  N),  using  phenolphthalein  as  indicator.  Blank  determinations  are  also  run  and 
the  correction,  seldom  amounting  to  as  much  as  0.001%,  is  applied. 

Results  obtained  on  known  mixtures,  varying  between  0.5%  and  0.005%  of  carbon 
dioxide,  gave  a  satisfactory  concordance.  Thus,  with  the  very  dilute  mixtures  given  in 
the  following  table  the  inaccuracy  amounts  to  but  0.0015  and  0.0006%,  respectively. 

Tabls  III 
Analysis  ov  Carbon  Monoxidb-Hydrogbn  Mixture 

Concentrations  of  carbon  monoxide 
Taken  Pound  Corrected  Error 

%  %  %  % 

0.0110  0.0102  0.0095  -0.0015 

0.0055  0.0056  0.0049  -0.0006 

Contiiiuous  Test. — The  composition  of  the  gaseous  mixture  was 
74.25%  of  hydrogen,  24.75%  of  nitrogen,  0.5%  of  carbon  monoxide, 
and  0.5%  of  oxygen.  To  prepare  this  mixture  the  carbon  monoxide 
and  oxygen  were  first  mixed  in  equal  volumes  and  stored  in  20-liter  glass 
aspirator  bottles,  and  then  fed  into  the  mixing  chamber  through  a  flowmeter 
at  the  rate  of  5  cc.  per  minute-  A  very  pure  mixture  of  hydrogen  and  ni- 
trogen in  the  proportion  of  3 :1  at  a  pressure  of  100  atmospheres  was  kindly 
furnished  us  by  the  Arlington  Laboratory  of  the  Nitrate  Division  of  Ord- 
nance, U.  S.  A.  It  had  been  prepared  by  cracking  ammonia  gas  at  a  high 
temperature,  and  was  further  purified  by  passage  through  a  deep  layer  of 
Hopcalite,   through  a  tower  containing   chromic   add  maintained   at 
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80^,  and  finally  through  another  containing  50%  sodium  hydroxide 
solution.  Thence  it  entered  a  constant-pressure  tube  where  a  continu- 
ous slight  escape  of  the  excess  gas  took  place,  and  then  entered  a  mixing 
chamber  where  it  mingled  with  the  carbon  monoxide-air  mixture, 
the  restdting  mixttu-e  being  sucked  through  a  second  flowmeter,  the 
humidity  towers  and  finally  through  the  catalyst  tube  and  the  analytical 
train.  The  catalyst  tube  consisted  of  a  copper  tube  7  mm.  wide  and  400 
mm.  long  to  which  a  spiral  coil  of  small  copper  tubing  was  soldered  to 
serve  as  a  preheater.  The  HopcaUte  occupied  about  10  cm.  length  of 
the  copper  tube,  and  was  supported  by  a  small  roll  of  copper  gauze.  The 
tube  and  preheater  were  immersed  in  a  paraffin  thermostat  electrically 
heated  and  regulated  to  maintain  a  temperature  of  101.8°  ^  0.2**. 

With  these  arrangements  the  gas  mixture  was  now  drawn  through  the 
apparatus  at  a  rate  of  500  cc.  per  minute,  corresponding  to  a  space  ve- 
locity of  6000  per  hour  with  the  5  cc.  of  catalyst  employed,  and  the  effluent 
gas  analyzed  at  frequent  intervals  for  carbon  monoxide  by  the  method  out- 
lined above.  With  this  small  volume  of  catalyst  a  fairly  constant  effi- 
ciency of  93%  was  maintained  for  a  continuous  operation  of  200  hours. 
During  this  period  the  catalyst  purified  6000  liters  of  gas,  or  over  a  million 
times  its  own  volume,  and  removed  nearly  10  times  its  own  weight  of 
carbon  monoxide  without  deterioration. 

During  the  succeeding  48  hours  the  efficiency  slowly  dropped  to  74%, 
when  the  run  was  discontinued  and  the  catalyst  tube  opened.  It  was 
found  that  the  top  (initial)  layer  of  catalyst  had  darkened  in  color  and 
a  further  examination  showed  that  paraffin  had  leaked  in  through  2  pin- 
holes just  below  the  level  of  the  paraffin  bath.  This  was  adequate  to  ex- 
plain the  drop  in  efficiency  in  the  concluding  48  hours. 

Experiments  somewhat  similar  to  the  above  were  carried  out  with  a 
mixttu-e  containing  1%  of  carbon  monoxide,  10%  of  air,  29%  of  nitrogen, 
and  60%  of  hydrogen,  but  after  a  short  period  of  operation  incandescence 
of  the  catalyst  took  place,  indicating,  as  in  the  case  of  dry  hydrogen, 
that  the  heat  of  reaction  is  not  dissipated  in  otur  apparatus  rapidly  enough 
to  prevent  reaction  with  the  hydrogen. 

The  Influence  of  Various  Factors  on  the  Efficiency  of  the  Hopcalite 
and  the  Temperature  Rise  in  the  Catalyst 

Having  shown  that  0. 5%  carbon  monoxide  can  be  successfully  removed 
even  from  a  very  moist  mixture  of  hydrogen  and  nitrogen,  it  remained 
to  investigate  the  influence  of  important  factors  such  as  space  velocity 
at  different  temperatiu-es,  catal)rtic  poisons,  and  the  concentration  of  the 
oxygen,  on  the  catalytic  combustion  of  the  carbon  monoxide.  Moreover, 
since  the  rate  of  dissipation  of  the  heat  of  reaction  from  the  catalyst 
limits  the  concentration  of  carbon  monoxide  which  can  be  tolerated  by 
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the  catalyst  in  the  presence  of  hydrogen,  we  have  on  the  one  hand  con- 
sidered means  for  combating  this  effect  and  on  the  other  have  studied 
the  actual  temperatures  produced  in  tubes  of  different  diameters  at  a 
variety  of  space  velocities. 

Temperature  and  Space  Velocity. — ^The  variation  with  the  tempera- 
ture of  the  efficiency  of  the  catal3rtic  oxidation  of  0.5%  and  1%  carbon 
monoxide  in  a  mixture  of  moist  oxygen  and  nitrogen  at  a  space  velocity 
of  6000  per  hour  had  already  been  studied  as  described  above  (pp.  742- 
744).  We  now  made  similar  measurements  at  space  velocities  up 
to  30,000  and  in  tubes  4  to  7  mm.  in  diameter,  with  otherwise  the  same 
apparatus.  The  results  are  collected  in  Table  IV,  and  are  shown  graphi- 
cally in  Figs.  3  and  4.  The  temperatures  were  those  of  the  well-stirred 
water-bath ;  the  temperatures  witiiin  the  catalyst  were  undoubtedly  some- 
what higher. 

TabiaIV 

EWBCT  OF  SpACS  VBUKSTY,  TbmPSRATXTRB,  9TC.,  on  TH8  EFFICmNOT  OF  OxmATlON  OF 

Casbon  Monoxtob  by  Hopcauts 
20%  of  oxygen,  79.5%  of  nitrogen  and  0.5%  of  carbon  monoxide  used  in  all  experi- 
ments except  those  marked  (a)  in  which  79%  of  nitrogen  and  1.0%  of  carbon  monoxide 
were  used. 


Temp.           CO 

Temp. 

CO 

Temp.             CO 

bath        oxidized 

bath 

oxidized 

bath           oxidized 

•c.              % 

•c. 

% 

•c.                % 

Space  velocity  6000 

Space  velocity  18000 

Space  velocity  27000 

50  mm.  of  HiO.  Tube  5.5  nun.     No  HiO.  Tube  4  mm. 

50  mm.  of  HsO.  Tube  4  mm. 

71               59 

29 

64 

85                 51 

80               90 

40 

86 

95                 80 

87               99 

50 

94 

99                 90 

Space  velocity  13000 

61 

99 

105                 95 

50  mm.  of  HsO.  Tube  4  mm. 

70 

100 

110                 98 

72               41 

Space  velocity  18000 

113               100 

80               61      50 

mm.  of  HtO.  Tube  4  mm. 

Space  velocity  30000 

85               79 

80 

41 

50  mm.  of  HsO.  Tube  5.5  mm. 

90               88.5 

85 

54 

77                 33 

95               94.5 

85 

5# 

80                 37    . 

99               98 

90 

69 

84                 50 

Space  velocity  15000 

95 

86 

90                 60 

50  mm.  of  H|0.  Tube  5.5  mm 

I.         99 

95 

99                 83 

80               57 

105 

99 

99                 81* 

80               61* 

107 

100 

Space  velocity  30000 

85 

58 

No  HsO.  Tube  4  mm. 
54                 61 
65                 80 
72                 88 
85                 98.5 
90                 99.5 

*  79%  of  nitrogen  and  1.0%  of  carbon  monoxide. 
^  Ti^  5.5  mm. 
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From  these  tables  and  figures  it  is  evident  that  increasing  the  space  ve- 
locity lessens  the  efficiency  very  greatly  at  80°  and  relatively  slightly 
at  99**;  or,  stated  differently,  to  obtain  high  percentage  efficiency  at  a 
high  space  velocity  requires  a  relatively  high  temperature.  If  one  sets 
100**  as  the  highest  permissible  temperature  and  90%  as  the  required 
efficiency,  a  space  velocity  as  high  as  27,000  can  be  attained. 

Concentration  of  Carbon  Monoxide. — Comparisons  of  the  efficiency 
of  combustion  of  0. 5  and  1 . 0%  mixtures  of  carbon  monoxide  with  air  con- 
taining water  vapor  at  50  mm.  merciuy  pressure  were  made  under  identical 
conditions,  using  copper  tubes  5.5  mm.  in  diameter,  with  otherwise  the 
same  apparatus,  the  restdts  of  which  are  given  in  the  following  table. 

Tablk  V 
EFPidBNcy  OF  Combustion  with  Dippsrbnt  Concentrations  of  Carbon  MoNOxmB 
Space  velocity 


)erature 

per  hour 

Efficiency 

•c. 

For  0.5%  of  CO      For  1.0  %  of  CO 

80 

16.000 

57                       61 

85 

18.000 

58                      58 

05 

18,000 

86                       83 

These  results  indicate  that  when  adequate  provision  is  made  for  the 
dissipation  of  the  heat  there  is  little,  if  any,  gain  in  the  percentage  efficiency 
with  different  concentrations  of  carbon  monoxide.  An  examination  of 
Fig.  2  conjfirms  this.  There,  in  7mm.  tubes  the  heat  dissipation  was  ade- 
quate at  the  lower  temperatures  and  efficiencies,  so  that  imder  these  con- 
ditions the  curves  for  0. 5%  and  0. 1%  carbon  monoxide  are  nearly  identi- 
cal; but  at  higher  temperatures,  where  the  efficiencies  were  much  higher 
the  heat  evolution  was  greater,  and  the  temperature  therefore  higher  with 
1%  than  with  0.5%  carbon  monoxide,  and  the  two  curves  therefore 
diverge. 

Concentration  of  Oxygen. — The  combustion  of  one  volume  of  carbon 
monoxide  requires  but  half  a  voliune  of  oxygen.  In  a  technical  utiliza- 
tion of  this  process  it  would  be  important  to  operate  with  as  small  an 
excess  of  oxygen  as  possible,  as  this  excess  must  later  be  removed  at 
the  cost  of  an  equivalent  amount  of  hydrogen.  A  comparison  of  the  re- 
sults given  in  Tables  II  and  III,  where  in  the  first  case  the  concentration 
of  the  oxygen  is  0. 5%  and  in  the  second  20%,  shows  that  the  higher  con- 
centration has,  at  a  space  velocity  pf  6000,  increased  the  efficiency  by 
an  amoimt  roughly  equivalent  to  a  temperature  rise  of  15°.  In  practice, 
therefore,  a  balance  would  have  to  be  struck  between,  on  the  one  hand, 
the  increased  efficiency  or  correspondingly  increased  space  velocity  and, 
on  the  other,  the  cost  of  the  extra  hydrogen  thus  consumed. 

Carbon  Dioxide. — In  the  manufacture  of  hydrogen  from  water-gas 
the  carbon  dioxide  is  quite  fully  and  easily  removed  by  water-scrubbing. 
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and  indeed  the  carbon  dioxide  thus  removed  may  represent  a  useful  by- 
product. Nevertheless,  if  this  scrubbing  could  be  omitted,  or  conducted 
in  a  less  thorough  and  less  expensive  manner,  an  economy  might  be  effected. 
It  is  of  some  interest,  therefore,  to  study  the  effect  of  carbon  dioxide  on 
the  eflSciency  of  the  catalytic  oxidation.  There  is  of  course  no  possibility 
of  a  realization  of  the  water-gas  equilibrium  at  this  temperature,  but 
since,  as  pointed  out  above,  carbon  dioxide  is  very  strongly  adsorbed  by 
Hopcalite,  its  introduction  into  the  influent  gases  might  be  expected  to 
effect  a  lowering  of  the  efficiency.  We  have  not  tested  this  at  all  ade- 
quately, but  using  a  dry  gas  mixture  consisting  of  0. 5%  of  carbon  monox- 
ide, 20%  of  carbon  dioxide,  10%  of  air,  60%  of  hydrogen  and  9.5%  of 
nitrogen  at  room  temperature  and  a  space  velocity  of  6000,  there  is  no 
leakage  of  carbon  monoxide  when  tested  with  the  Hoolamite  detector 
(0.03%)."  This  indicates  that  the  effect  of  admixed  carbon  dioxide  is 
slight. 

Hydrogen  Sulfide. — ^To  test  the  effect  of  hydrogen  sulfide,  mixttu-es 
of  1%  of  carbon  monoxide,  33%  of  carbon  dioxide,  and  64%  of  air  with 
hydrogen  sulfide  were  prepared  by  allowing  the  carbon  dioxide  to  bubble 
through  a  concentrated  solution  of  sodiiun  sulfide.  A  strip  of  filter  paper 
moistened  with  lead  acetate  placed  in  the  effluent  gases  from  the  catalyst 
showed  no  change  after  several  minutes,  but  immediately  turned  black 
when  the  gas  mixture  was  by-passed  around  the  HopcaUte.  After  60 
minutes'  passage  of  this  gas  mixture  the  catalyst  still  oxidized  the  carbon 
monoxide  completely  at  room  temperatiure,  and  continued  to  do  so  for  a 
half  hour  longer  after  the  carbon  dioxide,  and  hence  the  hydrogen  sulfide, 
had  been  turned  off.  The  next  day,  on  further  treatment  with  the  same 
mixture  containing  hydrogen  sulfide  and  carbon  dioxide,  the  efficiency 
started  at  100%  but  dropped  after  45  minutes  to  98%.  Tested  again  on 
1%  carbon  monoxide  in  air  it  gave  a  99%  efficiency  which  dropped  after 
2  hoturs  to  95%.  This  indicates  that  the  Hopcalite  catalyst  completely 
absorbs  or  destroys  the  hydrogen  sulfide,  and  at  first  is  not  much  impaired 
thereby,  although  continued  exposure  gradually  destroys  its  activity. 
Examination  of  the  catalyst  at  the  end  of  the  experiment  confirmed  this; 
the  first  2  cc.  of  the  Hopcalite  had  changed  to  a  gray  or  black  color.  The 
hydrogen  sulfide  is  prestunably  oxidized,  and  the  resulting  sulfur,  or  adds 
of  sulfur,  either  react  chemically  with  the  Hopcalite,  or  form  an  adsorbed 
film  which  inhibits  further  action. 

The  Temperature  Rise  in  the  Catalyst. — The  incandescence  of  the 
hydrogen,  which  invariably  occurs  when  mixttures  containing  as  much  as 
1%  of  carbon  monoxide  are  catalytically  oxidized  by  HopcaUte,  is  certainly 
a  result  of  the  too  slow  dissipation  of  the  heat  of  combustion  of  the  carbon 
monoxide.  It  is  of,  interest,  therefore  to  inquire,  first,  what  the  maximum 
M  Ref.  2.    Hoover,  /.  Ind.  Eng.  Chem.,  13, 770  (1021). 
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temperature  rise  could  be  for,  say,  a  1%  carbon  monoxide  mixtm-e;  second, 
what  general  relation  should  obtain  between  the  composition  of  the  gas 
mixture,  the  space  velocity,  and  the  temperature  rise;  and  third,  to  test 
this  relation  experimentally.  For  reasons  of  convenience  these  experi- 
ments were  carried  out  not  with  the  hydrogen-nitrogen  mixture  used  in 
the  Haber  process,  but  with  a  carbon  monoxide-air  mixture.  The  maxi- 
mum temperatiure  rise  and  the  temperatiure  distribution  are  different 
in  the  two  mixtures,  but  the  same  general  principles  should  apply  to  both. 

The  maximtun  temperature  rise  will  evidently  occur  when  no  heat  is 
dissipated  except  to  the  effluent  gas.  An  affluent  gas  mixture  of  the  com- 
position 1%  of  carbon  monoxide,  20.7%  of  oxygen,  and  78.3%  of  nitro- 
gen, after  combustion  will  have  very  nearly  the  composition  1%,  20.3%, 
and  78.7%,  respectively.  The  average  heat  capacity  of  this  mixture 
per  hundredth  of  a  mol  of  carbon  monoxide  at  temperatures  between 
room  temperatiure  and  100°  is  6.87  mayers;  the  heat  of  combustion 
of  this  amount  of  carbon  monoxide  is  68,300/100  cals.,  and  the  maximum 
temperature  rise  will  thus  be  683/6.87  or  99.4°  for  a  1%  mixture.  No 
such  rise,  of  course,  takes  place  in  oiu-  apparatus,  so  that  the  narrow 
copper  tubes  immersed  in  the  well-stirred  Uquid  bath  must  have  dissi- 
pated a  very  large  fraction  of  the  heat  evolved. 

The  general  relation  which  should  obtain  between  the  composition  of 
the  gas  mixtiu-e,  the  space  velocity  and  the  characteristic  heat-dissipating 
capacity  of  the  catalyst  and  its  container  can  be  deduced  as  follows.  The 
heat  suppUed  by  the  combustion  of  the  carbon  monoxide,  when  a  steady 
state  has  been  reached,  must  be  equal  to  the  sum  of  the  heat  lost  to  the  gas 
and  the  heat  dissipated  by  the  catalyst  container.  Or,  calling  Q  the  heat 
of  combustion  per  mol  of  carbon  monoxide;  Ci  the  heat  capacity  of  the 
affluent  gases  per  initial  mol  of  carbon  monoxide;  S  the  space  velocity; 
Cj  the  dissipation  capacity  of  the  gram  molecular  volume  of  the  catalyst 
in  mayers  per  hoiur;  p  the  percentage  by  voliune  of  carbon  monxoide 
present;    and  A/  the  temperatiure  rise, 

pQS'-^iSCi  +  Ct) 
and  therefore 

PQS 
_     pQS  Ci       . 

^'  SCi  +  Ct'^S+Ct/Ci' 

Or,  since  Q  =  68,300  cals.,  and  for  small  percentages  of  carbon  monoxide 
Ci  does  not  differ  greatly  from  6.87  mayers 

99ApS 

A/» p 

S  +  Ci/6.87 

which  is  the  desired  relation.  For  adiabatic  conditions,  that  is,  when  no 
heat  is  dissipated  except  to  the  effluent  gas,  this  reduces  to  A/  =  99.4 
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p  as  previously  stated;   that  is,  the   temperature  rise  then  amounts  to 
99 . 4  °  per  cent,  of  carbon  monoxide.  .  For  very  rapid  dissipation  of  heat  this 

expression  reduces  to  At  =  —  ^5;   that  is,  the  temperatiu-e 

Cz 

rise  becomes  very  small,  and  proportional  both  to  the  percentage  of  car- 
bon monoxide  and  to  the  space  velocity. 

To  study  this  question  experimentally  we  have  meastu'ed  the  tempera- 
ture rise  in  a  Hopcalite  catalyst,  operating  against  mixtiu"es  containing 
1%  and  0.5%  of  carbon  monoxide  in  air,  at  different  space  velocities, 
and  in  copper  tubes  of  various  diameters. 

The  purification,  measuring  and  dndng  apparatus  was  identical  with  that  already 
described.  The  catalyst  container  was  a  U-shaped  copper  tube  with  a  side-tube  soldered 
to  a  hole  at  the  bottom  of  the  U.  Through  this  side- tube  a  glass  tube  carrying  a  copper- 
constantin  thermocouple  was  inserted  with  its  junction  as  nearly  as  possible  at  the  center 
of  the  U.  The  catalyst  was  filled  into  both  arms  of  the  U,  and  different  positions  of  the 
thermocouple  with  respect  to  the  catalyst  were  obtained  by  altering  in  successive 
experiments  the  amount  of  the  catalyst  on  either  side  of  the  thermocouple.  In  this  way 
observations  were  made  at  V«»  */«.  '/«.  */«  and  */«  of  the  distance  from  the  inlet  to  the 
outlet  siuiace  of  the  catalyst  bed.  Three  sizes  of  copper  tubing,  5.5,  7.7  and  10  mm.  in 
bore,  were  used;  and  the  volume  of  catalyst  was  so  adjusted  that  at  corresponding  space 
velocities,  identical  linear  velocities  were  maintained.  The  catalyst  tube  was  surrounded 
by  an  aqueous  solution  of  calcium  chloride  kept  accurately  at  100°,  and  the  affluent 
gases  were  preheated  by  passing  through  a  coil  of  copper  tubing  immersed  in  the  bath. 
The  temperature  rise  in  the  tube  during  the  oxidation  of  the  carbon  monoxide  was 
measured  by  comparing  the  readings  of  the  thermocouple  while  oxidation  was  taking 
place  with  those  made  when  the  moist  air  alone  was  passing  through  the  catalyst. 
The  results  are  collected  in  Table  V.  In  every  case  the  efficiency  was  100%  except  in 
the  measurements  at  30,000  space  velocity  where  it  was  approximately  90%. 

To  find  how  closely  these  results  accord  with  the  formula  deduced  above, 
it  was  first  necessary  to  find  an  average  value  for  the  temperature  rise 
{At)  in  each  tube.  We  have  done  this  by  plotting  the  five  thermocouple 
readings  for  each  tube  at  the  same  space  velocity  and  with  the  same  con- 
centration of  carbon  monoxide,  and  integrating  graphically  the  area  imder 
each  curve.  The  resulting  values  are  given  after  the  heading  "Inte- 
grated Averages  Observed**  in  Table  VI. 

Inserting  these  values  of  At  and  the  corresponding  values  of  the  per- 
centage (p)  and  the  space  velocity  (S),  we  have  computed  C2/6.87.  In 
those  nms  at  30,000  space  velocity  where  the  efficiency  was  only  90% 
we  have  made  a  proportionate  allowance  therefor.  The  resulting  values 
are  given  in  the  bottom  lines  of  Table  V.  C2/6. 87  should  be  a  constant 
for  each  diameter  of  tube,  if  the  formula  is  correct.  It  can  be  seen  that  this 
is  indeed  the  case,  the  average  deviation  of  the  individual  values  from  the 
means  being  only  8%,  or  no  more  than  corresponds  to  the  experimental 
error.  To  show  this  more  clearly  we  have  calculated  back  to  find  what  the 
average  temperature  rise  should  be  from  the  average  value  of  Ca/6.87 
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for  each  tube.    These  values  are  given  in  the  line  headed  "  Integrated 
Averages  Computed."    The  agreement  is  very  close. 

The  average  values  of  C2/6.87  for  the  tubes  of  different  size  would  be 
expected  to  vary  approximately  inversely  as  the  area  of  the  tubes,  or  in- 
versely as  the  squares  of  the  bore.  Actually  the  ratio  of  the  C\IC%  values 
is  1 : 1.6: 3.8,  while  the  inverse  ratio  of  the  squares  of  the  bores  is  1 : 1.6: 3.3. 
Since  the  formula 

09.4  »5 
"  5  4-  Ci/6.87 
does  indeed  hold,  and  since  under  operating  conditions  it  reduces  practi- 
cally to  A/  =  KpS,  where  K"  is  a  constant,  it  follows  that  for  any  permis- 
sible maximum  value  of  bi  the  product  ^5  cannot  exceed  a  certain  limit, 
so  that  for  a  high  percentage  content  of  carbon  monoxide  only  a  small 
space  velocity  can  be  tolerated,  and  vice  versa.  This  would  indicate 
that  a  recirculation  of  the  piuified  gas  would  be  of  no  advantage,  be- 
cause for  any  decrease  in  p  there  would  necessarily  be  an  equivalent 
increase  in  5. 

This  formula  does  not,  however,  cover  the  whole  situation.  At  is  the 
average  temperatiu^e  rise,  and  this  is  not  the  most  significant  variable. 
The  danger  of  combustion  of  the  hydrogen  is  a  ftmction  rather  of  the 
maximum  rise  in  the  catalyst  mass,  and  this  is  by  no  means  identical  with 
or  proportional  to  6i.  At  low  space  velocities  this  maximum  tempera- 
ture rise  always  occurs  at  or  very  close  to  the  front  surface  of  the  catalyst, 
but  at  high  space  velocities  it  is  displaced  toward  the  exit  end  of  the  tube. 

To  facilitate  comparison,  the  maximtun  temperattures,  ascertained 
by  plotting  the  results  in  Table  VI,  are  collected  in  Table  VII. 

Tabids  VII 
Maximum  T^bcpsraturs  Riss  in  Degrsbs 
Bore  of  tube,  mm 5.5  7  lo 


CO,  % 

Space  velocity 


7,500 
16,000 
30,000 


0.6 

1.0 

0.6 

1.0 

0.6 

1.0 

2.4 

4.8 

4.2 

7.4 

6.8 

10.6 

3.6 

6.4 

7.2 

12.8 

9.6 

21.0 

4.4 

8.6 

11.0 

24.8 

, , 

. , 

It  can  be  seen  from  Table  VI  that  the  maximum  temperatures  are  quite 
closely  proportional  for  the  same  tube  and  the  same  space  velocity 
to  the  percentage  of  carbon  monoxide.  For  the  largest  tube  studied 
(10  mm.)  they  are  also  approximately  proportional  to  the  space  velocity, 
but  with  the  smallest  tube  the  maximum  temperature  increases  much  more 
slowly  than  the  space  velocity,  indeed  approximately  as  the  square  root 
of  the  space  velocity.  It  follows  from  this  that,  at  least  for  small  tubes, 
it  would  be  advantageous  to  recirculate  a  fraction  of  the  purified  gas, 
mixing  it  with  the  raw  gas.  The  physical  interpretation  of  this  effect, 
of  course,  is  that  by  displacing  the  maximum  temperature  to  the  middle 
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of  the  catalyst  a  greater  average  temperature  rise  can  be  tolerated  without 
danger  of  starting  the  oxidation  of  the  hydrogen. 

It  can  also  be  seen  that  the  maximum  temperature  rise,  like  the  average 
temperature  rise,  is  approximately  proportional  to  the  square  of  the  diam- 
eter of  the  tubes,  and  therefore  approximately  proportional  to  their  area. 

Optimum  Operating  Conditions. — On  the  basis  of  the  above  experi- 
mental results  and  discussion  a  number  of  postulates  can  be  estabUshed 
relative  to  the  optimum  conditions  for  obtaining  a  complete,  rapid,  and  eco- 
nomical preferential  oxidation  of  the  carbon  monoxide,  although  many 
factors  which  are  important  in  determining  the  optimum  conditions  for 
the  technical  operation  of  this  process  can  only  be  ascertained  from  tests 
on  full-size  apparatus.  On  the  one  hand  it  is  important  to  operate  at  as 
near  the  top  of  the  temperature  differential  as  possible,  because  the  car- 
bon monoxide  is  thereby  rapidly  and  completely  burned,  or  conversely 
very  high  space  velocities  can  be  utilized  without  a  serious  drop  in  effi- 
ciency. On  the  other  hand,  this  temperature  must  be  low  enough  to 
avoid  any  danger  of  combustion  of  the  hydrogen  at  the  higher  tempera- 
tiu-e  which  will  prevail  within  the  catalyst,  and  of  coiu^e  to  provide  a 
margin  of  safety  against  accidental  fluctuations  in  temperature.  The 
"heat  dissipating  capacity"  of  the  catalyst  and  its  container  should,  of 
cotu"se,  be  as  great  as  possible,  this  being  secured  by  the  use  of  small  bore 
metallic  tubes  or  a  multicellular  metallic  container  with  its  horizontal 
partitions  made  of  wire  gauze,  the  whole  cooled  by  a  circulating  Hquid. 
By  a  suitable  design  a  disproportionate  cooling  could  be  applied  to  the 
region  of  maximum  temperature  rise,  and  thereby  a  uniform  temperature 
maintained  throughout  the  catalyst,  or  the  maximum  temperattu'e  dis- 
placed to  a  point  at  or  near  the  exit  surface  of  the  catalyst.  The  simplest 
method  of  securing  the  latter  arrangement  is  to  adopt  a  two  or  multiple 
stage  system,  burning  most  of  the  carbon  monoxide  at  a  low  temperature 
and  relatively  low  eflSciency  (say  76%)  in  a  first  catalyst  chamber,  and  then 
completing  the  combustion  with  the  now  much  more  dilute  gas  in  a  second 
chamber  at  a  temperatiu-e  not  far  from  the  top  of  the  temperature  dif- 
ferential. In  this  way  a  high  space  velocity  coupled  with  a  high  efi&dency 
could  be  attained  safely.  Several  tests  of  this  method  were  made,  using 
0.6  and  0.76%  of  carbon  monoxide  in  mixtures  consisting  of  10%  of  air, 
29.6%  of  nitrogen,  and  60%  of  hydrogen,  keeping  the  first  catalyst  tube 
at  82-87®,  and  the  second  at  90-99®,  and  a  rapid  and  complete  oxidation 
of  the  carbon  monoxide  was  sectu-ed  without  difficulty. 

In  papers  published  since  the  completion  of  the  above  work  Rideal 
and  Taylor"  and  Rideal"  have  described  catalysts  consisting  of  specially 
activated  copper  oxide,  as  well  as  of  iron  oxide,  with  ceria  and  thoria  as 


"  Rideal  and  Taylor,  Analyst,  44,  89  (1919). 
i«  Rideal,  /.  Chem.  Soc.,  115, 993  (1919). 
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promoters,  which  preferentially  oxidize  carbon  monoxide  admixed  with 
hydrogen  at  temperatures  from  100°  up  to  300°.  Data  are  given  showing 
the  relative  amounts  of  carbon  monoxide  and  of  hydrogen  oxidized  in 
a  1:8  admixture  with  hydrogen  at  temperatures  from  160°  to  400°.  The 
proportion  of  hydrogen  oxidized  increases  very  rapidly  with  rising  tempera- 
ture. Rideal  calculates  the  relative  amounts  which  should  be  oxidized  on 
the  basis  of  the  Marcellin-Rice-Iyewis  radiation  theory,  and  finds  an  ap- 
proximate agreement,  or  at  least  a  marked  similarity  in  the  shape  of  the 
experimental  and  theoretical  curves  at  the  higher  temperatiu^es. 

At  the  lower  temperatures,  where  only  the  copper  oxide  remains  suffi- 
ciently active,  the  curves  show  a  greater  divergence,  the  copper  oxide 
curve,  extrapolated  to  100°,  indicating  a  ratio  of  hydrogen  and  carbon 
monoxide  burned  of  about  0.15,  while  the  theoretical  equation  gives  a 
ratio  of  0.004. 

Applying  this  equation  to  our  mixtures  containing  0.5%  of  carbon 
monoxide  and  89%  of  hydrogen,  the  ratio  should  be  0.0015  at  100°.  Our 
experiments,  in  which  any  water  which  formed  would  have  been  collected 
and  weighed,  indicated  no  combustion  of  hydrogen  greater  than  would 
correspond  to  this  ratio,  and  do,  therefore,  afford  some  further  confirma- 
tion of  the  equation. 

Summary 

1.  It  has  been  shown  that  Hopcalite,  which  oxidizes  carbon  monoxide 
in  air  rapidly  and  catalytically  at  room  temperatures,  does  not  affect 
hydrogen  in  air  imder  similar  conditions,  and  that  by  its  means  carbon 
monoxide  can  be  completely  and  continuously  removed  from  a  dry  mix- 
ture containing,  for  instance,  0.5%  of  carbon  monoxide,  89. 5%  of  hydro- 
gen, and  10%  of  air  without  any  noticeable  action  on  the  hydrogen.  A 
similar  mixture  containing  1%  of  carbon  monoxide,  on  the  other  hand, 
liberates  so  much  heat  that  under  these  conditions  oxidation  of  the  hy- 
drogen sets  in,  and  the  catalyst  is  soon  heated  to  incandescence  and  is 
destroyed. 

2.  It  has  been  shown  that  moist  mixtures  of  carbon  monoxide  and  air, 
and  of  hydrogen  and  air  require  much  higher  temperatures  for  oxidation. 
In  the  presence  of  water  vapor  at  a  pressure  of  50  mm.  of  mercury,  carbon 
monoxide  in  a  0. 5%  mixture  with  air  is  completely  oxidized  at  a  tempera- 
ture of  90°  or  lower.  Hydrogen,  on  the  other  hand,  mixed  with  air, 
does  not  begin  to  be  oxidized  under  these  conditions  until  a  temperature 
of  120-125°  is  reached.  It  is  possible,  therefore,  to  remove  carbon  monox- 
ide completely  and  continuously  from  a  mixture  having,  for  instance, 
the  composition  0.5%  of  carbon  monoxide,  0.5%  of  oxygen,  24.75% 
of  nitrogen,  and  74.25%  of  hydrogen,  and  containing  water  vapor  at 
a  pressxu-e  of  50  mm.  of  mercury,  without  any  considerable  oxidation 
of  the  hydrogen.     On  the  other  hand,  in  a  similar  1%  carbon  monoxide 
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mixture  the  hydrogen  soon  catches  fire,  and  the  catalyst  becomes  incan- 
descent. 

3.  The  effects  on  the  efficiency  of  the  catalyst  of  temperature,  space 
velocity,  carbon  dioxide,  hydrogen  sulfide,  and  the  concentration  of  the 
carbon  monoxide  have  been  studied. 

4.  Formulas  for  the  temperature  rise  in  the  catalyst,  the  factor  limiting 
the  permissible  concentration  of  the  carbon  monoxide,  have  been  derived 
and  have  been  experimentally  verified  at  different  space  velocities,  and 
in  tubes  of  different  diameters. 

5.  On  the  basis  of  these  results,  the  proper  conditions  for  the  technical 
appUcation  of  this  method  of  removing  carbon  monoxide  from  hydrogen 
have  been  outlined. 

6.  Our  results  have  been  shown  to  be  in  agreement  with  the  compu- 
tations of  Rideal,  relative  to  the  simultaneous  oxidation  of  carbon  mon- 
oxide and  hydrogen. 

7.  A  method  for  the  analysis  of  small  amounts  of  carbon  monoxide 
in  the  presence  of  hydrogen  has  been  worked  out. 

C/iMBfODGZ  38,  Massachusetts 
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The  problem  of  reaction  velocity  is  one  of  paramount  interest  to 
chemists.  Attempts  which  have  been  made  to  explain  the  tremendous 
temperature  coefficients  of  reaction  velocities  solely  on  the  basis  of  the 
kinetic  theory  have  not  been  verified  by  experimental  data.  For  a  10° 
rise  in  temperature,  reaction  velocities  are  known  to  increase  from  200 
to  400%,  whereas  the  number  of  collisions  between  the  molecules  in- 
creases by  not  more  than  2%. 

Arrhenius^  early  investigated  the  problem  and  foimd  that  the  depend- 
ence of  the  velocity  constant  on  the  temperature  could  be  satisfactorily 
expressed  by  the  formula 

dink        E 


dT       R'n 


(1) 


where  £  is  a  quantity  possessing  the  dimensions  of  energy,  and  which  is 
found  to  vary  but  slightly  with  the  temperature.  Arrhenius  sought 
an  explanation  of  the  huge  temperature  coefficients  in  postulating  the 
existence  of  an  equilibrium  between  **active"  and  **passive"  molecules 
>  Arrhenius,  Z.  physik.  Chem.,  4,  226  (1889). 
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in  which  only  those  in  the  "active"  form  are  in  a  condition  to  react.  These 
"active"  molecules  are  produced  from  the  '^passive"  form  by  the  absorp- 
tion of  a  quantity  of  energy,  corresponding  to  the  E  of  the  preceding  equa- 
tion, from  their  environment.  The  treatment  of  Arrhenius  is  unable  to  give 
any  information  concerning  the  internal  processes  involved  in  the  ab- 
sorption of  this  activating  energy  and,  as  Tolman*  points  out  in  a  recent 
review,  the  physical  significance  of  the  quantity  E  is  the  subject  of  many 
conflicting  opinions  among  investigators  in  this  field. 

Trautz,'  Perrin*  and  Lewis*  have  attempted  to  correlate  the  value  of 
E  with  the  radiant  energy  available  to  a  system  imdergoing  chemical 
change.  Their  fimdamental  assumption  is  that  E  =  Nhv  where  N  is 
Avogadro's  number,  h  the  universal  quantum  constant,  and  v  the  fre- 
quency of  the  radiation  which  is  absorbed  by  the  reacting  substance. 
The  Arrhenius  expression  shows  the  natural  logarithm  of  the  reaction  ve- 
locity to  be  a  linear  function  of  the  reciprocal  of  the  absolute  temperature, 
and  according  to  the  Wien  radiation  law  an  exactly  similar  relation  holds 
between  the  intensity  of  any  monochromatic  black-body  radiation  and  the 
absolute  temperature.  From  this  very  striking  analogy  Perrin  has  de- 
veloped the  following  expression  for  the  calculation  of  reaction  velocity 

fc=5i?   ^  (2) 

Here  5  is  a  constant  having  the  dimensions  of  a  frequency.  This  formula 
rendered  in  the  logarithmic  form  leads  to  an  equation  exactly  similar 
in  form  to  that  of  Arrhenius. 

References  to  the  works  of  W.  C.  M.  Lewis,  Dushman  and  Tolman 
who  have  studied  the  question  and  arrived  at  similar  expressions  may  be 
found  in  the  excellent  review  of  the  last  named. 

Any  problem  of  this  nature  offers  a  wide  field  of  opportunity  to  the 
theoretical  chemist  and  quite  natiwally  the  major  portion  of  the  litera- 
ture on  the  subject  is  of  a  theoretical  character.  The  amount  of  experi- 
mental data  for  checking  up  the  various  theories  is  at  present  tmduly 
limited. 

Cox*  has  recently  published  a  paper  in  which  the  problem  is  attacked 
experimentally.  It  follows  from  the  Perrin-Lewis  radiation  h3rpothesis 
that  any  reaction  medimn  which  increases  the  velocity  of  a  given  reaction, 
i.  e.,  by  increasing  the  density  of  the  particular  radiation  frequency  which 
is  absorbed  by  the  reacting  molecules,  should  decrease  the  temperature 
« Tolman,  This  Journai..  43,  289  (1921). 

*  Trautz;  for  summaxy  of  earlier  papers  see  Z.  anorg.  allgern,  Chem,,  102,  81  (1918) 
and  106,  149  (1919). 

*  Perrin,  Ann.  phys.,  11,  6  (1919). 

•W.  C.  M.  Lewis.    See  particularly  J,  Chem.  Soc.,  Ill,  389,  467.  1086  (1917); 
113, 471  (1918) ;  PhU.  Mag.,  39, 26  (1920) ;  Tms  JouRNAt,  43, 1288  (1921). 

*  Sox,  J.  Chem.  Soc.,  119, 142  (1921). 
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coefficient  of  the  reaction  velocity.  With  this  in  mind,  Cox  has  studied 
the  reaction  of  bromo-acetophenone  with  aniline  in  a  number  of  organic 
solvents  and  also  the  reaction  between  sodium  /3-naphtho-oxide  and  ethyl 
iodide  in  some  of  the  Uquid  alcohols.  His  results  in  general  do  not  cor- 
roborate the  theories  of  Perrin  and  Lewis.  It  should,  however,  be  observed 
that  a  number  of  disturbing  influences  enter  into  these  reactions  which 
might  readily  explain  the  observed  discrepancies.  Since  both  reactions  are 
of  the  second  order  there  are  the  varied  complications  arising  from 'molec- 
ular collision,  viscosity  of  the  solvent,  the  absorption  of  radiant  energy 
by  more  than  one  species  of  molecule,  and,  in  addition,  in  the  second 
named  reaction  the  ionization  of  the  soditun  /3-naphtho-oxide.  It  should 
be  mentioned  that  Cox  himself  has  pointed  out  some  of  these  possibiUties. 

Since  any  true  monomolecular  reaction  does  not  depend  upon  molecular 
collision,  information  concerning  the  velocity  constant  should  throw 
light  on  the  mechanism  of  this  absorption  of  radiant  energy,  provided 
however,  that  some  of  the  other  factors  which  may  have  influenced  the  work 
of  Cox  are  likewise  absent.  The  ideal  system  for  this  study  is  a  mono- 
molecular  reaction,  uncatalyzed  by  the  walls  of  the  containing  vessel, 
taking  place  in  sol\rents  where  there  is  little  likelihood  of  any  loose  sol- 
vent-solute complexes  or  of  any  ionization  of  the  solute.  The  reaction 
in  solution  possesses  an  advantage  over  a  gas  phase  reaction  in  that  it 
offers  a  wider  variation  of  conditions  under  which  the  reaction  may  take 
place,  e.  g.,  the  concentration  of  reacting  substance,  and  also  enhances 
the  opportunities  for  varying  the  reaction  medimn. 

Daniels  and  Johnston'  have  studied  the  decomposition  of  nitrogen  pen- 
toxide  in  the  gas  phase  and  have  found  it  to  follow  the  course  of  a  true 
monomolecular  reaction  and  to  be  entirely  uncatalyzed  by  the  vessel 
walls  of  glass.  The  present  paper  presents  the  results  of  some  experi- 
ments in  which  this  same  reaction  has  been  studied  in  solution  and  its 
velocity  followed  by  measuring  the  volume  of  oxygen  evolved.  It  is  pre- 
liminary to  a  research  being  conducted  by  Dr.  Farrington  Daniels  of  this 
laboratory  in  an  attempt  to  uncover  some  definite  relationship  between 
the  reaction  velocity  and  the  absorption  of  radiation  within  the  solution. 

Preparation  and  Purification  of  Materials 
The  nitrogen  pentoxide  was  prepared  as  described  by  Daniels  and 
Bright*  in  their  study  of  the  vapor  pressure  of  the  substance. 

Uncombined  water  was  removed  from  nitric  add  by  two  distiUatioiis  from  cone, 
sulfuric  add  and  this  100%  product  was  dehydrated  with  phosphorus  pentoxide.  The 
nitrogen  pentoxide  thus  formed  was  distilled  from  the  phosphoric  add,  through  phos- 
phorus pentoxide,  and  condensed  in  a  U-tube  surrounded  by  a  freezing  mixture,  at  —  20  **. 
A  second  distillation  through  phosphorus  pentoxide  in  a  current  of  ozonized  air  sufficed 

^  Daniels  and  Johnston*  This  Journal,  42, 1131  (1920). 
•  Daniels  and  Bright,  ibid,,  43, 53  (1921). 
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to  produce  snow-white,  anhydrous  crystals  of  nitrogen  pentoxide.  The  ozone  prevents 
the  formation  of  nitrogen  peroxide.  Immediately  before  use  the  product  was  again 
distilled  through  phosphorus  pentoxide  into  a  second,  smaller  U-tube  which  was  then 
sealed  off  and  the  material  thus  preserved  on  ice  until  required. 

Sulfur  was  removed  from  the  carbon  tetrachloride  used  as  a  solvent  by  allowing  to 
stand  over  mercury  for  a  week  with  frequent  shaking.  After  drjdng  with  phosphorus 
pentoxide  the  liquid  was  fractionated  through  a  5-bulb  column.  Only  the  middle 
portion,  distilling  off  over  a  range  of  0.03®,  was  used  in  the  experiments.  The  final 
product  gave  no  test  for  chloride  ion. 

The  chloroform  was  purified  by  shaking  thrice  with  a  solution  of  sodium  carbonate 
to  remove  alcohol  and  traces  of  hydrochloric  acid.  After  washing  thoroughly  with 
distilled  water  the  material  was  dried  over  calcium  chloride  and  distilled  from  phosphorus 
pentoxide  through  a  fractionating  column.  The  final  product  gave  no  test  for  moisture, 
alcohol  or  chloride  ion. 

The  solution  of  the  nitrogen  pentoxide  in  the  solvents  was  effected  in 
such  a  way  as  to  prevent  the  access  of  atmospheric  moisture.  Placed 
in  a  desiccator  immersed  in  a  freezing  mixture  these  solutions  could  be 
kept  for  several  days  without  any  marked  deterioration. 

Experimental 

Apparttus. — The  velocity  of  the  decomposition  was  determined  by  the  gasometric 
method  in  the  apparatus  shown  in  Fig.  1,  the  whole  being  set  up  in  duplicate.     Reaction 


Pig.  1. 

flasks,  similar  to  those  used  by  Walton'  and  his  students  in  their  hydrogen  peroxide 
studies,  were  supported  by  a  shaking  cradle  in  a  thermostat  maintained  constant  to 
=*=  0.015"*  and  connected  by  means  of  capillary  tubing  to  the  tops  of  jacketed   lOOcc. 


»  Walton,  Z,  physik.  Chem,,  47, 185  (1904). 
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burets  in  which  the  oxygen  evolved  was  collected.  Thorough  shaking  was  insured  by 
the  addition  of  glass  beads  to  the  reaction  flasks.  The  outside  of  the  flasks  was  painted 
with  several  coats  of  black  shellac  to  exclude  light. 

The  greatest  diflSculty  was  experienced  with  the  indispensable  rubber  connection 
between  the  reaction  flasks  and  the  capillary  tubing  which  carried  the  oxygen  over  into 
the  burets.  The  action  of  the  oxides  of  nitrogen  on  rubber  is  very  vigorous.  Of  all 
forms,  pressure  tubing  functioned  the  worst.  The  problem  was  ultimately  solved  by 
inserting  one  length  of  red  rubber  tubing  inside  another  just  large  enough  to  take  it  with 
a  very  thin  layer  of  vaseline  between  the  two.  A  20cm.  length  of  capillary  tubing  was 
fused  to  the  reaction  flasks  so  that  the  rubber  connection  was  made  at  some  distance 
from  the  flasks  and  at  the  axis  of  rotation  of  the  shaking  cradle. 

The  reaction  was  assumed  to  take  place  the  same  as  in  the  gas  phase  in  accordance 
with  the  following  equation 

2N206  =  2N,04  +  0, 

H 
4NO, 

Most  of  the  nitrogen  dioxide  formed  remained  dissolved  in  the  solvent.  However,  some 
always  passed  into  the  gaseous  state  and  tended  to  pass  over  into  the  burets,  rendering 
the  reading^  erroneous.  To  prevent  this,  15  cm.  of  12mm.  glass  tubing,  filled  with  glass 
wool  wet  with  cone,  sulfuric  acid  and  water- jacketed,  was  interposed  between  the  burets 
and  the  reaction  flasks.  The  free  space  above  the  solution  in  the  flasks  was  always 
maintained  as  small  as  possible  in  order  to  render  negligible  the  errors  introduced  by 
the  passage  of  some  nitrogen  dioxide  into  the  gas  phase. 

It  was  essential  to  know  whether  the  actual  decomposition  was  occurring  in  solution 
as  desired  or  in  the  free  space  above  the  solution.  The  following  considerations  proved 
the  invalidity  of  the  latter  possibility.  The  total  amount  of  nitrogen  pentoxide  present 
in  the  system,  as  measiu*ed  by  the  total  volume  of  oxygen  evolved,  would  have  to  be 
initially  present  in  the  free  space  if  the  velocity  constants  were  to  remain  regular.  Such 
a  condition  would  necessitate  an  initial  pressure  of  several  atmospheres  in  almost  every 
case,  whereas  the  experiments  were  all  carried  out  under  atmospheric  pressure.  A 
second  proof  was  obtained  by  direct  experiment.  When  the  shaking  device  was  at  rest 
no  increase  in  volume  was  registered  in  the  burets,  provided  the  rest  period  was  not 
excessively  long.  If,  after  such  a  stationary  period,  the  shaking  was  commenced,  oxygen 
was  rapidly  evolved,  equilibrium  attained  within  a  minute,  and  the  volume  of  oxygen 
thus  obtained  with  intermittent  shaking  was  exactly  equal  to  that  which  would  have 
been  evolved  with  continuous  shaking  over  an  equal  interval  of  time  under  the  same 
conditions.  This  is  conclusive  proof  that  the  decomposition  occurs  entirely  in  the  solu- 
tion, the  oxygen  which  is  formed  when  the  shaker  is  not  in  action  being  retained  in  the 
solvent  as  a  supersaturated  solution. 

The  evolved  gas  was  collected  in  gas  burets  and  measured  over  the  liquid  which  was 
being  used  as  a  solvent  in  the  reaction  flasks.  A  leveling  tube  connected  with  the  bot- 
tom of  the  burets  made  possible  the  rapid  adjustment  of  liquid  levels.  Water  at  con- 
stant temperature  was  forced  through  the  buret  jackets,  thus  obviating  a  variable  tem- 
perature correction. 

Method. — All  connections  between  the  burets  and  the  reaction  flasks 
rendered  gas-tight,  a  measured  volume  of  the  solution  to  be  investigated 
was  pipetted  into  the  reaction  flasks  which  had  previously  been  thoroughly 
cleaned  and  dried.  The  flasks  were  stoppered  with  the  accurately  fitting 
glass  stoppers,  the  shaking  cradle  lowered  and  set  in  motion.  After 
waiting  until  15-20  cc.  of  gas  had  been  evolved,  in  order  to  allow  for  thermal 
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lag  and  the  disruption  of  an  initial  condition  of  supersaturation  of  oxygen 
in  the  solvent,  volume  readings  were  taken  at  measured  intervals.  All 
readings  were  corrected  to  0®  and  760  mm.  pressure  in  order  that  the  ve- 
locity constants  obtained  would  be  independent  of  the  barometric  pressure. 
Time  readings  were  taken  on  a  stop-watch.  The  final  observation,  which 
was  a  measure  of  the  quantity  of  nitrogen  pentoxide  initially  present, 
was  made  when  no  further  increase  in  volume  was  noticed  after  a  long 
period  of  time. 

Experiments  were  not  carried  out  above  55°,  for  in  so  doing  ac- 
curacy would  be  sacrificed  for  speed  in  observation  and  the  reaction 
would  be  well-nigh  complete  before  the  shaking  had  effected  a  regular 
evolution  of  gas.  Likewise,  nothing  was  done  below  25®  because  of  the 
long  time  involved  in  the  completion  of  an  experiment  at  lower  tempera- 
tures. 

Calculations. — Fig.  2  represents  a  graphical  grouping  of  the  results 
obtained  where  the  volume  of  oxygen  evolved  is  plotted  against  time.  Du- 
pUcates  are  not  shown.     Graphical  interpolation  over  equal  intervals  of 


JOHB-JH  ^^wowp./' 


Fig.  2. 


time  on  these  same  curves,  plotted  individually  on  a  far  larger  scale,  gave 
the  values  for  time,  /,  and  the  total  volume  of  oxygen  liberated,  Vf-Vo, 
between  the  starting  point  Vo  and  any  time  /.     To  foUow  the  course 
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of  the  reaction  only  the  total  volume  of  gas  evolved  and  the  differences 
between  successive  readings  are  necessary. 


TablB  I 

Carbon  Tetrachloride.     40* 

Fo«  10.76  cc. 

7oo  45.60  cc. 

Vt  -  Ft 

Foo  -  F|                      K  X  10-« 

Cc. 

Cc.    ' 

0.00 

34.76 

3.42 

31.33 

, , 

6.30 

28.45 

3.21 

8.95 

25.80 

3.26 

11.40 

23.35 

3.32 

13.65 

21.25 

3.14 

16.52 

19.23 

3.33 

17.30 

17.45 

3.24 

18.90 

15.85 

3.20 

20.36 

14.40 

3.20 

21.70 

13.05 

3.28 

23.95 

10.80 

3.15 

25.65 

9.10 

, . 

27.25 

7.60 

3.22 

29.55 

5.20 

3.05 

34.75 

0.00 

Av. 

3.22 

Duplicate  Av. 

3.22 

I 

Sec. 

0 

300 

600 

900 

1200 

1500 

1800 

2100 

2400 

2700 

3000 

3600 

4200 

4800 

6000 

00 


Mean  3.22J 

Table  I  presents  a  typical  calculation  of  the  velocity  constants  from  the 
data.  The  column  headed  V^  —  Vi  gives  the  difference  between  the  final 
volume  Vqo  and  the  volume  at  anytime  Vt,  The  reaction-velocity  con- 
stants shown  in  the  last  column  were  calculated  directly  from  the  data 
in  the  first  and  third  columns  with  the  aid  of  the  familiar  formula 

The  values  of  fe  and  tu  chosen  for  the  calculations,  are  successive  times 
shown  in  the  first  column;    all  times  are  expressed  in  seconds. 

Tabids  n 

VAI^imS  OF  THB  VBI^OCITY  CONSTANT  {k  X  10"*) 

Temperature  Carbon  tetrachloride  Chloroform 

*C.  1  2  Mean  1  2  Mean 

66  21.1  21.3  21.2 

60  11.6  11.7  11.6  12.7  12.6  12.8 

13.0 
46  6.37  6.96  0.11 

6.13  6.97 

40  3.22  3.22  3.22  3.74  3.89  3.81 

35  1.62  1.62  1.62 

30  0.841  0.842  0.8416  1.03  1.02  1.026 

26  0.421  0.398         0.409 
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In  order  to  conserve  space  the  other  results  have  not  been  tabulated 
in  this  form  but  are  shown  condensed  in  Table  II. 

Results 
The  matter  of  the  temperature  coefficient  of  the  reaction  velocity  is 
of  considerable  interest.  It  has  been  previously  mentioned  that  those 
agencies  which  increase  the  reaction  velocity  decrease  the  temperature 
coefficients.  SkrabaP^  has  arrived  at  the  very  general  conclusion  that 
the  "relations  between  reaction  velocity,  temperatiwe  effects,  influence 
of  solvent,  added  catalyst  and  photochemical  action  are  all  essentially 
the  same;  accordingly,  change  in  the  reaction  velocity  effected  by  any 
one  of  these  factors  diminishes  as  the  magnitude  of  the  velocity  constant 
increases.*'  Table  III  shows  how  well  the  data  obtained  in  this  investi- 
gation agree  with  this  deduction  from  the  theories  of  Perrin  and  Lewis. 
It  will  be  observed  that  the  temperatxu-e  coefficients  in  the  case  of  chloro- 
form, in  which  the  reaction  proceeds  more  rapidly  than  in  carbon  tetra- 
chloride, are  smaller  than  those  in  carbon  tetrachloride  for  corresponding 
temperature  intervals.  Similarly  with  increasing  temperature  the  values 
of  the  temperature  coefficients  show  a  uniform  decrease. 

Tablb  III 
Tbmpbrature  Coeppicients  op  the  Reaction  VELOcrrv 

Temp,  interval         Carbon  tetrachloride  Chloroform 

"c. 

55/45  3.47 

45/35  3.77 

35/25  3.96 

60/40  3.60  3.33 

40/30  3.83  3.73 

Dushman^^  has  proposed  a  formula  for  monomolecular  reactions  by 
which  the  magnitude  of  the  velocity  constant  at  any  temperature  may  be 
calculated  from  its  value  at  one  particular  temperature.  He  assumes 
with  Perrin  and  Lewis  that  E  =  Nhv  but  does  not  specify  any  mechanism 
for  the  interaction  of  radiant  energy.  His  equation  is  of  the  same  form 
as  that  of  Arrhenius  and  Perrin  (see  Equations  1  and  2)  but  Dushman 
ingeniously  postulates  that  the  unknown  quantity  5,  which  has  the  dimen- 
sions of  a  frequency,  is  the  same  frequency  already  introduced  in  the  ex- 
pression E    =    Nhv.    This  leads  him   to  the  equation 

£  -ATA.  (3) 

Nh 

which  for  purposes  of  calculation  may  be  written 

log  k  =  10.0203  -h  log  E-  (E/4.571  T)  (4) 


»«  Skrabal,  Monatsh.,  37,  495  (1916). 

"  Dushman,  Tms  Journal,  43, 397  (1921). 
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Dushman  has  tested  this  equation  with  the  experimental  data  ob- 
tained by  Trautz  and  Bhandarkar^^  for  the  monomolecular  decompo- 
sition of  phosphine  above  920°  K.  and  finds  excellent  agreement  within 
the  limit  of  experimental  error. 
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Fig.  3. — ^I.  Gas  phase;  II.  Carbon  tetrachloride; 
III.  Chloroform;  IV.  Carbon  tetrachloride  (calcu- 
lated) ;  V.  Gas  phase  (calculated) ;  VI.  Chloroform 
(calculated). 

Tolman^  has  applied  this  equation  to  the  results  obtained  by  Daniels 
and  Johnston^  for  the  decomposition  of  nitrogen  pentoxide  in  the  gas 
phase  and  finds  a  far  better  agreement  with  the  experimental  data  than  can 
be  obtained  using  the  older  expressions  developed  by  Trautz  and  by  Lewis. 
Table  IV  and  Fig.  3  show  a  comparison  of  the  results  obtained  in  this 
investigation  with  those  calculated  by  means  of  Bushman's  equation. 
"  Trautz  and  Bhandarkar,  Z.  anarg.  aUgem.  Chem.,  106,  95  (1919). 
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By  integrating  the  expression  of  Arrhenius  and  converting  to  common 
logarithms  we  obtain 

1.98  TtXTiX  2.302  log  kt/h 


£  = 


(6) 


Tt-Ti 

By  substituting  the  values  of  the  reaction  velocity  constants,  k%  and  fei, 
corresponding  to  two  different  absolute  temperatures,  Ts  and  Ti,  the  values 
of  E  were  calculated. 

Table  IV 
Carbon  Tetrachloride 


remp. 

\/T 

K  (obs.) 

Log  *  (obs.) 

E 

Log  *  (calc.) 

K  (cak.) 

'^C. 

X  10-J 

cal. 

55 

0.30488 

21.2X10-* 

3.32634    : 
3.06446    : 

4.78604  \ 

4.50786 

• 
4.20952 

5.92480 

5.61172 

Av. 

25,292 

5.438 

27.4X10-* 

50 

0.30960 

11.6 

3.175 

15.0 

26.070 

45 

0.31446 

6.11 

i.904 

8.02 

25,242 

40 

0.31949 

3.22 

4.624 

4.21 

26,218 

35 

0.32468 

1.62 

i.335 

2.16 

24,222 

30 

0.33004 

0.841 

4.036 

1.09 

25 

0.33557 

0.409 

25,770 

5.728 

0.535 

25,469 

Chloroform 

50 

0.30960 

12.8 

3.10721    : 
4.58092  \ 
4.01072    ' 

A 

24,252     • 

S.848 

70.6 

40 

0.31949 

3.81 

24,648 

5.318 

20.8 

35 

0.33004 

.    1.02 

4.764 

5.68 

.V.  24,450 

Theoretical 

In  Fig.  3  these  same  results  are  graphically  expressed.  It  will  be  ob- 
served that  in  every  case  the  line  representing  the  results  calculated  by 
the  Dushman  equation  for  any  particular  solvent  lies  exactly  parallel 
to  that  representing  those  experimentally  determined  and  plotted  accord- 
ing to  the  Arrhenius  expression.  It  is  apparent,  however,  that  no  physical 
significance  can  be  attached  to  this  fact  since  both  expressions  are  equa- 
tions for  a  straight  line  and  their  slopes  are  made  numerically  equal  by 
setting  E  equal  to  Nhvy  as  Dushman  has  done  in  his  derivation. 

It  is  of  importance  to  note  that  the  differences  between  observed  and 
calculated  values  for  the  gas  phase  and  for  chloroform  are  exactly  equal 
while  those  for  carbon  tetrachloride  are  considerably  less.  The  full 
significance  of  this  fact  is  at  present  not  quite  dear,  but  if  fully  understood 
it  might  be  of  assistance  in  explaining  the  mechanism  of  a  monomolecular 
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reaction.  The  magnitude  of  these  differences  as  compared  with  those  ob- 
tained when  k  is  calculated  from  the  equations  of  Trautz  and  Lewis, 
as  Tolman  has  done  shows  quite  conclusively  that  the  work  of  Dushman 
is  a  step  in  the  right  direction,  but  likewise  indicates  the  necessity  for  the 
introduction  of  some  variableiactor  into  the  equation  which  will  account  for 
the  variable  differences  obtained  with  different  reaction  mediums.  Un- 
doubtedly the  form  of  the  equation  is  correct  since  it  is  the  same  as  that 
of  Arrhenius  which  does  give  quite  satisfactorily  the  dependence  of  the 
velocity  constant  on  the  temperature.  Likewise  the  values  of  N  and  h 
are  constant  and  have  been  checked  by  a  variety  of  methods.  This  leaves 
but  the  one  alternative:  that  the  expression,  v  =  E/Nh,  is  not  entirely 
applicable  in  this  connection.  The  value  of  v  as  calculated  from  the  data 
obtained  in  the  gas  phase  reaction  is  1 .  16  n,  when  expressed  as  a  wave- 
length, for  carbon  tetrachloride  IAS  fi  and  for  chloroform  1 .  18  /i.  In 
their  study  of  the  photochemical  decomposition  of  nitrogen  pentoxide, 
Daniels  and  Johnston  have  shown  that  light  of  this  wavelength  is  not 
effective  in  bringing  about  decomposition,  and  further  that  nitrogen  pen- 
toxide possesses  no  absorption  bands  in  this  region.  From  similar  con- 
siderations Langmuir^'  has  suggested  that  the  whole  radiation  theory 
for  chemical  action  be  abandoned. 

The  present  writer  feels  that  there  lies  considerable  promise  in  the  sug- 
gestion of  Tolman^*  who  holds  that  £  is  in  general  not  a  constant  nor  does 
it  correspond  to  a  single  frequency  except  in  the  limiting  case,  adopted 
by  Perrin,  where  only  a  spectrum  ''line"  is  active.     He  replaces  the  con- 

5  — 

stant,  V  or  E/Nh,  of  the  Dushman  equation  with  a  variable,  e  ^^ ,  thus 
taking  into  account  the  fact  that  photochemical  reactions  are  often  brought 
about  by  radiant  energy  having  a  wide  range  of  frequencies  and  also 
the  probability  that  the  molecules,  having  themselves  different  internal 
states,  may  require  different  quantities  of  energy  for  activation.  This 
range  of  activating  frequencies  must  be  specific  for  any  one  substance 
but  the  particular  frequency  within  the  band  which  is  most  active  can 
readily  be  thought  of  as  varying  with  different  reaction  mediums.  The 
introduction  of  a  variable  into  the  Dushman  equation  should  account 
for  the  variable  differences  obtained  in  the  calculation  of  the  velocity 
constants  for  the  decomposition  of  nitrogen  pentoxide,  using  the  expres- 
sion as  it  stands  at  present. 

The  catalytic  effect  of  nitrogen  pentoxide. — It  was  found  in  the  photo- 
chemical work  of  Daniels  and  Johnston  that  blue  light  of  wavelength 
between  400  and  460  mm  was  effective  in  decomposing  the  pentoxide  but 
only  in  the  presence  of  brown  nitrogen  dioxide  which  shows  almost  com- 
plete absorption  of  light  in  this  region.     Their  other  work  carried  out  in 

"  Langmuir,  Tms  Journal.  42,  2190  (1920). 
»«  Tolman,  ibid.,  42,  2506  (1920). 
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the  absence  of  light  indicated  that  the  nitrogen  dioxide  was  not  an  auto- 
catalyst  to  the  dark  reaction. 

In  this  connection  the  two  points,  A  and  B  of  Fig.  3,  obtained  at  50° 
in  carbon  tetrachloride  solution  are  important.  Point  A  was  obtained 
using  a  solution  of  the  nitrogen  pentoxide  where  special  precautions  were 
observed  to  keep  the  initial  concentration  of  nitrogen  dioxide  as  low  as 
possible,  whereas  Point  B  represents  the  velocity  constant  in  a  solution 
previously  saturated  with  the  dioxide.  It  should  be  stated  that,  despite 
the  precautions  observed  in  the  former  case,  the  initial  concentration 
of  nitrogen  dioxide  was  considerably  greater  than  that  which  existed 
initially  in  any  of  the  experiments  carried  out  in  the  gas  phase. 

Comparing  this  odd  value.  A,  with  those  obtained  in  the  gas  phase 
and  with  the  others  obtained  in  carbon  tetrachloride  solution,  one  is  led 
to  believe  that  nitrogen  dioxide  is  an  auto-catalyst  to  the  dark  reaction 
and  that  the  catalytic  effect  is  proportional  to  the  amount  present  up  to 
a  "Umiting  concentration**  which  is  rather  low.  At  this  point  fiuther 
increase  in  the  nitrogen  dioxide  present  has  Uttle  effect  on  the  velocity 
constant. 

The  fact  that  the  values  obtained  for  the  velocity  constant  in  carbon 
tetrachloride  lie  so  well  on  the  straight  Une,  Fig.  3,  despite  the  fact  that 
no  attempt  was  made  to  maintain  a  constant  initial  value  for  the  nitrogen 
dioxide  concentration,  receives  a  ready  explanation  from  the  above  con- 
siderations, for,  in  all  cases  except  that  represented  by  Point  A,  the  initial 
concentration  was  considerable  and  above  that  designated  as  the  "limiting 
concentration.**  Similarly,  in  the  gas  phase,  where  this  initial  concen- 
tration of  nitrogen  dioxide  was  always  very  low  and  in  the  region  where 
sUght  variation  in  its  content  has  an  appreciable  effect  on  the  rate  of  re- 
action, one  would  natiurally  expect  to  find  lower  values  for  the  velocity 
constants  in  general  and  greater  variations  from  the  straight  line  when 
plotted  as  in  Fig.  3.  Results,  indicative  of  this  same  phenomenon,  were 
obtained  by  Daniels  and  Johnston  in  their  study  of  the  photochemical 
decomposition  of  nitrogen  pentoxide. 

Further  experiments  will  be  carried  out  to  determine  what  effect  the 
nitrogen  dioxide  and  the  nitrogen  tetra-oxide,  with  which  it  must  exist 
in  equilibrium,  have  on  the  absorption  spectra  of  the  solutions  in  which 
the  velocity  of  this  reaction  is  measiured. 

The  writer  wishes  to  express  his  sincerest  thanks  to  Dr.  Farrington 
Daniels  at  whose  suggestion  and  imder  whose  direction  this  work  was 
done. 

Summary 

1.  The  velocity  of  the  decomposition  of  nitrogen  pentoxide  in  carbon 
tetrachloride  and  in  chloroform  solutions  has  been  determined  gasomet- 
rically  between  25**  and  55**.    Such  systems  are  of  special  value  in  study- 
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ing  the  new  theories  concerning  the  relation  of  radiant  energy  to  chemical 
action. 

2.  The  fact  that  the  velocity  constants  obtained  in  solution  so  closely 
approximate  those  obtained  in  the  gas  phase  by  Daniels  and  Johnston 
is  of  peculiar  significance  since,  as  far  as  the  writer  is  aware,  this  is  the 
first  time  that  the  velocity  of  a  monomolecular  reaction  has  been  measured 
under  so  wide  a  variation  of  conditions. 

3.  The  experimental  facts  show  the  energy  of  activation  or  the  critical 
increment  to  be  practically  independent  of  the  temperature. 

4.  It  has  been  shown  that,  in  accordance  with  a  necessary  deduction 
from  the  Perrin-Lewis  radiation  theory,  a  change  in  reaction  velocity 
brought  about  by  temperatiure  effects  or  the  influence  of  solvent  diminishes 
as  the  magnitude  of  the  velocity  constant  increases. 

5.  A  comparison  has  been  made  between  the  values  of  the  velocity 
constant  experimentally  obtained  and  those  calculated  from  the  critical 
increment,  E,  by  means  of  the  equation  recently  proposed  by  Dushman. 
Although  the  agreement  is  not  exact,  it  is  far  better  than  can  be  obtained 
using  the  older  equations  developed  by  Trautz  and  Lewis. 

6.  The  nitrogen  peroxide  formed  in  the  reaction  has  been  shown  to 
exert  an  auto-catalytic  effect  on  the  thermal  decomposition  of  the  nitrogen 
pentoxide. 

7.  This  work  is  at  present  being  extended  in  this  laboratory  to  other 
solvents  and  to  a  study  of  the  absorption  spectrum  of  nitrogen  peroxide 
in  the  various  solvents. 

Madison,  Wisconsin 

[Contribution  prom  thb  Laboratory  op  Physicai,  Chsmistry,  Princeton 
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The  author  has  recently  shown^  that  molecular  volumes,  as  revealed 
by  the  constant  b  of  van  der  Waals'  equation,  are  consistent  with  the 
view  that  the  volumes  of  atoms  and  groups  of  atoms  depend  upon  the 
number  and  arrangements  of  electrons  about  the  positive  nuclei  of  the 
atoms  rather  than  on  the  particular  kinds  of  atoms  involved.  It  was 
shown,  for  example,  that  the  volumes  of  the  nuclear  carbon,  nitrogen 
and  oxygen  atoms  in  methane,  ammonia  and  water  respectively,  are 
nearly  the  same  and  equal  to  that  of  the  rare  gas,  neon.  The  number 
and  arrangements  of  electrons  about  the  positive  nuclei  of  these  nuclear 
atoms  and  of  neon  are  the  same  for  all.    Similarly,  the  volumes  of  the 

>  National  Research  Fellow  in  Chemistry. 
«  Pease,  This  Journai.,  43,  991  (1921). 
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oxygen  molecule  and  the  carbon  atoms  in  ethylene- were  shown  to  be  the 
same.  In  the  present  paper,  it  is  proposed  to  apply  this  point  of  view 
to  an  examination  of  the  interatomic  distances'  in  crystals  of  the  diamond 
type. 

It  is  now  known  that  diamond,^  silicon,*  gray  tin,'  carborundum,^ 
zinc  sulfide,*  the  cuprous  haUdes,®  and  silver  iodide,*  all  crystallize  in  the 
so-called  diamond-type  lattice.  Neutral  carbon,  siUcon  and  tin  atoms 
all  require  4  electrons  to  complete  their  outer  shells.  It  is  evident  that 
in  the  diamond  type  of  lattice  the  atoms  can  all  acquire  these  by  sharing 
pairs  of  electrons  with  the  4  surrounding  atoms.  It  is  obvious  that  in  the 
case  of  carborundum  (SiC)  the  same  is  true,  for  a  crystal  of  this  sub- 
stance differs  from  one  of  the  diamond  or  sihcon  only  in  that  half  of  the 
atomic  kernels  are  replaced  by  those  of  the  other  element. 

For  the  salts  which  crystallize  in  the  diamond  lattice  relations  of  a 
similar  sort  hold.  Let  it  be  assumed  that  in  zinc  sulfide  each  zinc  atom 
has  lost  2  electrons  to  a  sulfur  atom,  thereby  completing  the  latter's  octet. 
The  zinc  atom  will  then  require  8  additional  electrons  in  its  outer  shell 
(corresponding  to  krypton)  to  complete  the  latter.  Evidently,  if  it  shares 
with  each  of  the  4  surrounding  sulfide  ions  a  pair  of  electrons  belonging 
to  the  latter,  it  can  acquire  the  8  it  needs.  There  thus  appears  to  be  a 
very  definite  chemical  reason  for  zinc  sulfide  crystallizing  in  the  diamond 
type  of  lattice.  In  the  cuprous  hafides  and  silver  iodide  the  same  relations 
hold.  The  metal  atom  may  be  regarded  as  giving  up  1  electron  to  the 
halogen  atom,  thereby  completing  the  latter's  octet  and  then  obtaining 
the  8  electrons  which  it  requires  to  fill  out  its  outer  shell  by  sharing  elec- 
trons with  the  4  halide  ions  surroimding  it. 

Of  the  kinds  of  atoms  contained  in  these  substances  which  crystallize 
in  the  diamond  lattice,  carbon  is  of  the  neon  type;  silicon,  sulfur  and 
chlorine  are  of  the  argon  type]  copper,  zinc  and  bromine,  of  the  krypton 
type;  and  silver,  tin  and  iodine,  of  the  xenon  t3rpe.  It  might  be  surmised 
from  the  conclusions  reached  in  the  earlier  paper  that  with  a  single  value 
for  the  radius  of  each  of  these  characteristic  types,  the  inter-atomic  dis- 
tances for  all  these  substances  could  be  derived.  This  is  in  fact  the  case. 
For  the  neon  type,  the  value  for  the  radius  of  the  carbon  atom  in  diamond, 

•  This  term  appties,  of  course,  to  the  distances  between  the  centers  of  the  atoms. 
This  is  expressed  in  Angstrom  units.     (1  A.  U.  =  10"*  cm.). 

•  W.  H.  and  W.  L.  Bragg,  "X-Rays  and  Crystal  Structure."     G.  Bell  and  Sons, 
1918. 

»  Debye  and  Scherrer,  Physik.  Z.,  17,  277  (1916). 

•  Bijl  and  Kolkmeijer,  Verslag  Akad.  WeUnschappen  Amsterdam,  27, 359  (1918). 

'  Burdick  and  Owen,  Tras  Journal,  40,  1749  (1918).    See  also  Hull,  Phys,  Rev., 
[2]  13,  292  (1919). 

•  Wyckoff  and  Posnjak,  This  Journal,  44, 30  (1922). 

•  Wilsey,  PhU.  Mag,,  42, 262  (1921). 
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1.  e,^  one-half  the  distance  between  nearest  atomic  centers,  0.77  A.  U., 
is  taken.  For  the  argon  type,  the  value  for  silicon  is  taken.  Debye  and 
Scherrer  give  this  as  ~5  =  i .  ig  A.  U.  According  to  Gmelin-Kraut's 
Handbuch,^®  however,  numerous  determinations  place  the  density  of 
silicon  at  2. 49,  which  gives  ?|5  =  1 .  15  A.  U.,  for  the  radius  of  the  silicon 
atom.  This  is  the  value  used  in  the  calculations.  For  the  krypton  type 
there  is  available  the  value  for  the  distance  between  centers  in  cuprous 
bromide,  2. 52  A.  U.  One  half  this,  1 .  26  A.  U.,  is  taken  as  the  value  for 
the  radius  of  atoms  of  the  krypton  tjrpe.  For  the  xenon  type,  the  value 
for  gray  tin,  ^  =  1.40  A.  U.,  has  been  chosen. 

Using  these  four  constants,  the  interatomic  distances  for  the  9  substances 
have  been  calculated  with  the  following  results. 


Tabls  I 
Ii^TBR-ATOMic  Distances 


Type 


Neon 
Argon 
Krypton 
Xenon 


(C) 

(Si,S,Cl) 
(Cu,Zn,Br) 
(Ag,Sn,I) 


Radius 

A.U. 
0.77 
1.15 
1.26 
1.40 


Distance  between  nearest  centers 


Diamond 

Silicon 

Gray  tin 

SiC 

ZnS 

CuCl 

CuBr 

Cul 

Agl 


Calc.     Observed 
1.54»      1.54 


Diff. 


2.30« 

2.80* 

1.92 

2.41 

2.41 

2.52* 

2.66 

2.80 


2.30 
2.80 
1.90 
2.35 
2.38 
2.52 
2.63 
2.83 


+0.02 
+0.06 
+0.03 

+0.03 
-0.03 


Prom  Bragg's 
radii 

1.54 

2.35 

2.80 

1.95 

2.35 

2.43 

2.57 

2.78 

3.18 


Di£F. 


+0.05 

0 
+0.05 
+0.05 
+0.15 
+0.35 


*  These  values  taken  as  standards. 


The  agreement  is  evidently  very  good.  Substances  which  according 
to  the  hypothesis  should  be  the  same  are  gray  tin  and  silver  iodide,  the 
values  for  which  are  2.80  and  2.83  A.  U.,  respectively,  and  zinc  sulfide 
and  cuprous  chloride,  the  values  for  which  are  2.35  and  2.38  A.  U.,  re- 
spectively. Since  the  ions  of  zinc  sulfide  are  doubly  charged  while  those 
of  cuprous  chloride  are  singly  charged,  one  might  expect  that  the  inter- 
atomic distance  would  be  less  in  the  former.  The  relatively  slight  differ- 
ence between  the  two  (0. 03  A.  U.)  as  compared  with  that  between  an  alka- 
line earth  sulfide  and  the  corresponding  alkali  chloride  {e.  g.,  dKa~" 
dctts  =  0.36  A.  U.)  is  good  evidence  for  the  close-packed  nature  of  the 
diamond  lattices  in  which  zinc  sulfide  and  cuprous  chloride  crystallize. 

Zinc  oxide,  though  not  crystallizing  in  the  diamond  lattice,  nevertheless 
has  the  same  relative  arrangement  of  atoms.**  The  inter-atomic  distance 
is  1.97  A.  U.    The  calculated  value  would  be  0.77  +  1.25  =  2.02  A.  U. 

>•  Gmelin-Kraut,  "Handbuch  der  anorganischen  Chemie,"  Carl  Winter,  1912,  3, 
1. 110. 


"  W.  I..  Bnigjr,  Phil.  Mag.,  [6]  39, 647  (1920). 
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It  is  of  interest  to  note  that  crystals  of  silver  iodide  and  of  gray  tin  are 
isosteric,  as  Langmuir  defines  the  term,  in  that  they  differ  only  in  the  dis- 
tribution of  net  charge  among  the  positive  nuclei,  the  charge  on  each  tin 
nucleus  being  50  units  while  the  charges  on  the  silver  and  iodine  nuclei 
are  47  and  53  units  respectively.  The  number  and  arrangement  of  electrons 
are  the  same  in  both.  Zinc  sulfide  and  cuprous  chloride  crystals  are  also 
isosteric. 

The  manner  of  regarding  inter-atomic  distances  as  depending  on  the 
rare  gas  type  pi  atom  involved  and  on  the  type  of  lattice,  as  exemplified 
in  the  above  analysis,  is  suggested  as  an  alternative  to  W.  L.  Bragg's 
method  of  treating  these  values.  ^^  Bragg  considers  that  the  atoms  in 
a  crystal  can  in  all  cases  be  regarded  as  close-packed  spheres  and  that 
it  is  possible  "to  assign  to  the  sphere  representing  an  atom  of  any  element 
a  constant  diameter  characteristic  of  that  element.'*  As  Bragg  has  pointed 
out,  the  resulting  atomic  radii  are  not  wholly  consistent  with  the  present 
day  ideas  concerning  atoms.  He  is  constrained  to  assume,  for  example, 
that  the  radius  of  the  sodium  ign  is  1 .  78  A.  U.  while  that  of  the  fluoride 
ion,  which  has  the  same  rare-gas  (neon)  structure,  is  only  0.68  A.  U., 
less  than  half  as  large.  The  radius  of  the  iodide  ion  even,  which  is  of  the 
xenon  type,  is  according  to  Bragg  only  1 .  40  A.  U.  Now  one  would  ex- 
pect on  the  basis  of  the  Lewis-Langmuir  theory  that  the  outer  shells  of  the 
sodium  and  fluoride  ions  are  the  same  size  and  that  of  the  iodide  ion  is 
much  larger.  In  the  alkali  halides,  however,  the  completed  outer  shells 
of  the  ions  are  probably  considerably  separated  due  to  the  presence  of 
repulsive  as  well  as  attractive  forces  within  the  lattice.  Evidently,  Bragg's 
values  for  the  atomic  radii  arbitrarily  place  responsibiUty  for  this  free 
space  separating  the  ions  more  largely  upon  the  sodium  ions,  but  on  other 
metal  ions  as  well.  These,  therefore,  have  abnormally  large  values.  The 
reason  why  the  values  assigned  to  the  negative  ions  are  so  small  is  that  the 
same  value  must  serve  for  cases  in  which  the  atoms  of  the  negative  ele- 
ments are  sharing  electrons  and  are  therefore  very  much  closer  together, 
there  being  no  free  space  separating  them. 

As  evidence  that  the  assumption  of  constant  atomic  radius  can  be  only 
approximately  correct,  the  following  may  be  cited.  The  distance  be- 
tween carbon  atoms  in  diamond  is  1.54  A.  U.  In  graphite,  it  is  1.45 
A.  U.,*'  a  discrepancy  of  0.09  A.  U.  or  6%.  Again,  in  both  metallic  cal- 
cium and  calcium  oxide,  the  calcium  atoms  are  arranged  on  a  face-centered 
cubic  lattice.  The  distance  between  nearest  calcium  atoms  in  the  metal 
is  3.93  A.  U.^*  The  distance  between  the  corresponding  calcium  atoms 
in  the  oxide,  if  these  have  a  constant  diameter  might  be  expected  to  be 

J»  W.  L.  Bragg,  PhU.  Mag.,  [6]  40, 169  (1920). 
»»  Debye  and  Scherrer,  Physik.  Z.,  18,  291  (1917). 
»*  Hull.  Phys.  Rev.,  [2]  17,  42  (1921). 
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much  greater  owing  to  the  fact  that  oxide  ions  have  been  introduced  into 
the  lattice.  Actually,  it  is  considerably  less,  3.32  A.  U.  ^*  This  differ- 
ence amounts  to  0.61  A.  U.  The  calcium  atoms  must  be  considered 
to  have  a  radius  at  least  16%  less  in  the  oxide  than  in  the  metal.  Since, 
in  all  probabiUty,  the  metallic  calcium  atoms  have  2  outer  electrons 
which,  in  the  oxide,  have  gone  over  to  the  oxygen  atom,  some  such  differ- 
ence might  have  been  expected.  In  spite  of  these  drawbacks,  however, 
Bragg's  values  for  atomic  radii  do  give  rather  good  average  agreement 
with  the  existing  data,  when  they  are  applied  to  the  distances  between 
unlike  atoms  of  compounds,  if  these  atoms  are  adjacent  in  the  crystal. 

Evidence  that  the  type  of  lattice  must  in  certain  cases  be  taken  into 
account,  is  furnished  by  the  results  of  Wilsey  on  the  silver  halides.^ 
Wilsey  has  foimd  that  silver  chloride  and  bromide  are  simple  cubic  whereas 
the  iodide  crystallizes  in  the  diamond  type  of  lattice.  The  distances 
between  nearest  unlike  atoms  are,  silver  chloride  2.78  A.  U.;  silver  bro- 
mide 2.89  A.  U.;  silver  iodide  2.83  A.  U.  The  distance  between  silver 
and  iodide  ions  is  a  little  less  than  the  distance  between  silver  and  bromide 
ions,  although  it  is  almost  certain  that  the  iodine  atom  is  larger  than  the 
bromine  atom.  Clearly,  it  is  due  to  the  distinctive  type  of  packing  in  the 
silver  iodide  crystal  that  the  iodide  ions  appears  to  be  the  smaller. 

The  domain  of  an  atom  in  a  crystal  in  all  probability  depends  on  its 
state  of  combination,  that  is  to  say,  on  the  number  and  the  arrangement 
of  electrons  in  its  outer  shell,  as  well  as  on  the  kind  of  atom  concerned, 
and,  in  certain  cases,  on  the  arrangement  of  atoms  in  the  crystal.  Bragg 
assumes  that  everything  but  the  kind  of  atom  can  be  left  out  of  account. 
The  author,  on  the  other  hand,  suggests  that  the  particular  kind  of  atom  is 
unimportant,  for  atoms  of  the  same  rare-gas  type,  and  that  the  contribution 
of  an  atom  to  the  distance  between  it  and  another  atom  in  a  crystal  de- 
pends upon  the  number  and  arrangement  of  electrons  about  its  positive 
nucleus,  upon  the  type  of  lattice,  at  least  as  this  affects  the  latter,  and, 
ordinarily,  upon  the  charge  carried  by  the  atom.  Apparently,  the  latter 
is  sometimes  also  unimportant  when  the  atoms  are  close-packed,  as  in 
the  case  of  substances  crystallizing  in  the  diamond  lattice  {e,  g.,  zinc  sul- 
fide and  cuprous  chloride). 

Davey  has  recently  analyzed  the  inter-atomic  distances  in  the  alkali 
halides  from  this  point  of  view  with  success.^*  This  series  and  the  series 
of  substances  crystallizing  in  the  diamond  lattice  are  the  only  ones  suffi- 
ciently developed  at  the  present  time  to  allow  of  analysis. 

Summary 

As  an  alternative  to  W.  L.  Bragg's  view  that  the  distances  between 

»»  Davey  and  Hoffman,  Phys.  Rev,,  \2]  15,  333  (1920). 
»•  Davey,  ibid.,  [2]  18,  102  (1921). 
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atoms  in  crystals  can  be  expressed  in  terms  of  atomic  radii  characteristic 
only  of  the  element  concerned,  it  is  suggested  that  the  particular  element 
is  of  secondary  importance,  for  elements  whose  atoms  are  of  the  same  rare-gas 
type,  and  that  the  contribution  of  an  atom  to  the  distance  between  it  and 
another  atom  in  a  crystal  depends  upon  the  number  and  arrangement 
of  electrons  about  its  positive  nucleus,  upon  the  type  of  lattice,  at  least 
as  this  affects  the  latter,  and,  ordinarily,  upon  the  magnitude  of  the  charge 
carried  by  the  atom. 

The  inter-atomic  distances  in  substances  crystallizing  in  the  diamond 
type  of  lattice  have  been  analyzed  from  this  point  of  view. 
Pmncbton,  Nbw  Jbrsby 
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I.    Introduction 

The  complex  cyanides  KjZnCCN)*,  KjCdCCN)*,  KjHgCCN)*,  TUZnCCN)*, 
and  Tl2Hg(CN)4  are  mentioned  by  Groth^  as  probably  crystallizing 
with  cubic  symmetry;  but  apparently  only  the  first  compound  has 
been  shown  to  be  optically  isotropic.  In  the  work  to  be  here  described 
crystals  of  the  first  three  of  these  compounds  were  prepared  and  found 
to  be  optically  isotropic.  Their  structures  were  also  determined  by  X- 
ray  methods.  The  relation  of  the  new  structures  to  those  of  some  other 
crystals,  as  well  as  the  magnitude  of  the  interatomic  distances,  present 
some  interesting  features  which  will  be  pointed  out  in  the  latter  part  of 
this  article. 

n.    Materials  and  Methods  of  Experimentation 

Potassitim  zinc  cyanide  was  prepared  by  adding  a  solution  of  potassium  cyanide 
(imported  "sodium  free"  potassitun  cyanide  was  used  throughout)  to  zinc  sulfate  solu- 
tion, washing  the  precipitate,  and  dissolving  it  in  warm,  cone,  potassium  cyanide  solu- 
tion, from  which  the  product  separated  on  cooling. 

Potassium  cadmium  cyanide  was  prepared  by  adding  ammonium  hydroxide  to 
cadmium  nitrate  solution,  washing  the  precipitate,  and  dissolving  it  in  potassium  cyanide 
solution. 

Potassium  mercury  cyanide  was  obtained  by  adding  mercuric  oxide  to  potassium 
C3^anide  solution,  and  recrystallizing  the  product. 

In  all  cases  the  crystals  used  were  obtained  by  slow  evaporation  of  their  aqueous 

» National  Research  Fellow  in  Chemistry. 

«  Groth,  "Chemische  Krystallographie,"  Engelmann,  Leipzig,  1906.  Vol.  1, 
p.  334.  ff. 
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solutions  at  room  temperature;  this  method  readily  gave  crystals  1  sq.  cm.  or  more 
in  cross  section.    They  were  octahedral  in  habit.    No  definite  cleavage  was  observed. 

The  densities  of  the  crystals  were  determined  on  small  specimens  by  the  Retgers 
suspension  method.  They  were  found  to  be:  KiZn(CN)4,  1.673;  KiCd(CN)4,  1.847; 
K«Hg(CN)4,  2.434. 

The  X-ray  data  were  obtained  in  two  ways:  (1)  from  spectrographic  measurements 
of  the  characteristic  ra3rs  from  a  rhodium  target,  using  calcite  as  a  reference  crystal; 
(2)  from  uns3mimetrical  Laue  photographs.  As  the  apparatus  and  routine  parts  of  the 
treatment  of  the  data  were  substantially  the  same  as  those  previously  used,'  no  further 
description  of  the  apparatus  or  restatement  of  formulas  used  will  be  given. 

in.    spectral  Photographic  Data 

In  Tables  I,  II  and  III  are  given  the  angles  of  reflection  of  the  rhodium 
Unes  /3= 0.5453  A.  and  a =0.614  A.  (the  doublet  being  not  completely 
resolved),  and  the  estimated  intensities  of  the  reflections. 

To  get  the  number  of  molecules  m  in  the  unit  of  structure,  the  strongest 
reflection  from  the  (111)  face  may  conveniently  be  used.  If  n  is  the  order 
of  reflection,  the  values  of  n^jm  are  foimd  in  the  usual  way  to  be: 
K5^n(CN)4,  3.355;  K2Cd(CN)4,  3.35;  K2Hg(CN)4,  3.365.  From  this 
it  follows  that  m  =  8,  and  for  this  reflection  w  =  3,  which  gives 
n^jm  =  3. 365.  The  order  of  each  other  reflection  may  readily  be  shown 
to  have  the  value  given  in  the  fourth  column  of  the  tables.  The  value 
of  Jioo,  the  length  of  the  unit  of  structure,  calculated  from  each  reflec- 
tion, is  given  in  the  fifth  column. 


Table  I 

RBFLScnoN  Data  for  Potassiuh  Zinc  Cyantdb 

Observed  angle 

Plane 

Une 

of  reflection 

n             di^ 

Intensity 

Vil«  +  B* 

(111) 

a 

2*^27' 

1        (12.4) 

faint 

36 

2 

absent 

30 

0 

6*^29' 

3          12.54 

a 

7*  19' 

3          12.62 

medium 

342 

a 

9M7' 

4          12.62 

very  weak 

229 

a 

12**  16' 

6          12.61 

weak 

334 

(100) 

fi 

4**  69' 

4          12.66 

a 

5«37' 

4          12.66 

medium 

366 

p 

10*    3' 

8          12.60 

a 

11**  18' 

8          12.63 

medium 

669 

(110) 

p 

3*  31' 

2         12.67 

a 

3*  68' 

2          12.66 

medium  strong 

297 

0 

70    ^, 

4          12.61 

a 

7*  67' 

4          12.66 

764 

fi 

10*  37Vt' 

8         12.64 

a 

11*  59' 

8         12.66 

medium 

672 

Mean        12.54 

Calc.  from  density  12.60  A. 

•  Dickiiison,  This  Journai^  44,  276  (1922). 
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TablS  II 
Reflection  Data  for  Potassium  Cadmium  Cyanide 


Line 

Observed  angle 
of  reflection          n 

diM 

Intensity 

Plane 

VA«  -(-  B» 

(111) 

a 

2°  21'           1 

(13 .0-) 

weak 

137 

2 

absent 

30 

P 

6**  20'           3 

12.^4 

a 

7**    8'           3 

12.85 

medium 

444 

4 

absent 

85 

a 

ir  57'           5 
Mean 

12.84 
12.84 

weak 

436 

Calc.  from  density  12.81  A. 

Table  III 
Reflection  Data  for  Potassium  Mercury  Cyanide 


Plane 

Line 

of  reflection 

n 

dioo 

Intensity 

V/l«  +  B« 

(111) 

a 

2°  24' 

1 

2 

(12.7) 

weak 
absent 

318 
30 

& 

6«  22 V2' 

3 

12.76 

ct 

7''  11' 

3 

12.77 

medium 

625 

a 

9°  36' 

4 

12.75 

very  weak 

171 

a 

12*'     1' 

5 
Mean 

12.77 
12.76 

weak 

617 

Calc.  from  density  12.75  A. 

IV.    Application  of  the  Theory  of  Space  Groups 

The  simple  requirement  that  there  shall  be  8  molecules  in  the  unit 
still  leaves  as  possible  a  considerable  variety  of  structiures.  The  additional 
assumption,  however,  that  all  the  atoms  of  each  element  are  situated 
in  equivalent  positions  in  the  structure  limits  the  possibilities  to  those 
space  groups  which  can  give  8,  16,  32,  and  32  equivalent  positions.  These 
space  groups  are:*  Th*,  0^  Oh'.  Each  of  these  leads  to  the  same  possible 
arrangements  of  atoms;  and  it  will  be  shown  that  a  structure  can  be 
derived  from  them  that  is  in  satisfactory  accord  with  the  experimental 
data. 

The  possible  positions  for  the  atoms  are: 

K:  I     (Hi)  (Hi)  (Hi)  (iff)  (Hi)  (Hi)  (IH)  (Hi) 

(HI)  (Hi)  (Hi)  (iH)  (Hi)  (iii)  (iJi)  (iii) 
or  II    (iH)  (iii)  (iii)  (Hi)  (HI)  (HI)  (Hi)  (iii) 

(Hi)  (Iii)  (Hi)  (iii)  (Hi)  (HI)  (HI)  (IH) 

zn.iii  (000)  (iio)  (io§)  (Oil)  (iii)  (iii)  (iii)  (Hi) 

or  iv(iii)  (ooi)  (OiO)  (ioo)  (ii!)  (Hi)  (iii)  (Hi) 

C:  V      (uuu)  (i-f  u.  i-hu,  u)  (i-f u,  u,  J+u)  (u,  i-f  u,  J+u) 

(uuu)  (J-f  u,  i-u,  u)  (J+u.  u,  }-u)  (u,  i-u,  J-u) 

(uuu)  (i-u,  J+u,u)  (i-u,  u,  i-u)  (u,  i+u,  J-u) 

(uuu)  (J-u,  i-u,  u)  (i-u.  u,  i+u)  (u,  1-u,  J+u) 

*  Niggli,     "Geometrische    Krystallographie    des     Diskontinuums,"     Borntrager, 
Leipzig,  1919,  p.  410;  also  Phys.  ZeU.,  19,  229  (1918). 
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(i-u,  i-u,  i-u)  (f-u,  i-u.  i-u)  (i-u.  i-u,  i-u)  (i-u,  i-u,  i-u) 
(i-u,  i+u.  i+u)  (i-u.  J+u.  i+u)  (i-u,  }+u,  i+u)  (i-u.  i+u.  i+u) 
(i+u.  i-u.  i+u)  (i+u.  i-u.  i-hu)  (i+u.  i-u.  f-hu)  (i+u.  i-u,  i+u) 
(i+u,  i+u.  i-u)  (i+u,  i+u,  i-u)  (i+u.  i+u.  i-u)  (i+u.  i+u.  i-u) 
N:  VI    A  similar  set  of  codrdinates  in  V. 

It  is  to  be  noted  that  all  distinct  combinations  of  the  above  coordinates 
are  obtained  by  combining  V,  VI,  and  either  I  or  II  with  III;  and  by 
giving  u  and  v  any  independent  values  between  Vs  and  ^/s.  Either  of 
these  combinations  can  be  shown  to  have  the  following  properties:  for 
the  plane  (100)  all  reflections  except  the  4th,  8th.  . .  .orders  must  be  ab- 
sent; for  the  plane  (110),  all  odd  orders  must  be  absent;  for  (111)  any 
order  may  be  present.    This  agrees  with  the  observations. 

A  treatment  of  the  possibilities  arising  from  complete  independence 
of  u  and  v  is  laborious,  and  from  a  practical  point  of  view  unnecessary, 
since  the  carbon  and  nitrogen  atoms  may  safely  be  assumed  to  be  closely 
associated.  Thus  the  sum  of  the  radii  assigned  by  Bragg*  to  carbon  and 
nitrogen  is  1 .  42  A. ;  and  Bozorth*  obtained  best  agreement  in  the  case  of 
potassium  cyanide  by  placing  the  carbon  and  nitrogen  1.15  A.  apart. 
It  therefore  seems  safe  to  assume  that  the  distance  of  the  carbon  from  the 
nitrogen  lies  between  1  and  1.5  A.,  which  is  equivalent  to  assuming  that 


j(u+u) 


i(u+u) 


Fig.  1.— Values  VA^  +  B*  for  the  first 
three  orders  from  KjZn(CN)4,  (111);  the 
abscissas  are  !(«  +  »).  The  potassium 
atoms  have  Arrangement  I. 


Fig.  2.— Values  of  VA*  +  B*  for  the 
first  three  orders  from  KiZn(CN)4,  (111); 
the  abscissas  are  J  («  +  ») .  The  potassi  um 
atoms  have  Arrangement  II. 


5  Bragg.  Phil.  Mag.,  40,  180  (1920). 

•  Bozorth,  This  Journal,  44,  317  (1922). 
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in  the  zinc  compound,  u  diif ers  from  v  by  not  less  than  0 .  046  and  not  more 
than  0.069. 

The  intensities  of  the  first  three  orders  of  reflection  from  (111)  afford 
a  means  of  discriminating  between  the  two  possible  locations  of  the 
potassimn  atoms,  and  of  locating  the  cyanide  group  approximately  with- 
out employing  any  quantitative  assumption  of  the  * 'normal  decline" 
of  intensity.  In  Figs.  1  and  2  are  shown  the  values  of  y/K^  +  B^  for  the 
(111)  reflections  from  K2Zn(CN)4  calculated  in  the  usual  manner.  The 
reflecting  powers  of  the  atoms  have  been  taken  proportional  to  the  atomic 
numbers,  except  for  carbon  and  nitrogen,  whose  reflecting  powers  have 
each  been  taken  proportional  to  6.5,  instead  of  to  6  and  7,  respectively, 
since  it  does  not  seem  possible  to  distingxiish  these  two  atoms.  In  Fig. 
1  the  potassium  atoms  have  the  arrangement  I,  and  in  Fig.  2  the  arrange- 
ment II.  The  abscissas,  ^/a(u  +  v),  are  positions  of  a  point  half-way 
between  the  centers  of  the  carbon  and  nitrogen  atoms.  The  solid  curves 
are  for  a  distance  of  1 . 5  A.  between  carbon  and  nitrogen,  and  the  dotted 
ciu^es  for  a  distance  of  1 . 0  A.  The  only  positions  where  the  second  order 
has  a  small  ordinate  while  the  third  is  much  larger  than  the  first,  as  the 
observed  intensities  evidently  require,  are  in  Fig.  2  in  the  neighborhood 
of  V«(u  +  v)  =  0.375.  It  is  concluded,  then,  that  the  potassium  atoms 
have  the  positions  given  by  II  and  that  V«(u  +  v)  is  about  V«-  This 
structure  is  capable  of  accounting  for  the  other  abnormalities  of  the  spec- 
tra in  the  same  manner.  In  the  last  column  of  Tables  I,  II  and  III  are 
given  the  values  of  y/A^  +  B^  calculated  by  placing  u  =  0.34  and  v  = 
0 .  40  with  the  potassium  atoms  in  Position  II.  On  any  face  where  stronger 
reflections  occur  at  larger  angles,  the  value  of  the  factor  VA*  +  B*  is 
greater;  and  where  the  reflections  are  weak  at  small  angles,  the  value  of 
the  factor  is  small. 

V.    The  Laue  Photographic  Data 

Unsymmetrical  Laue  photographs  were  made  with  K2Zn(CN)4,  using 
slips  of  crystal  approximately  parallel  to  (100)  and  to  (111);  while  with 
K2Cd(CN)4  and  K2Hg(CN)4  the  X-ray  beam  was  only  passed  approxi- 
mately perpendicular  to  (111).  As  over  a  thousand  spots  were  examined, 
a  tabulation  of  the  complete  data  is  impracticable.  A  number  of  useful 
and  representative  spots  have  been  chosen  from  each  of  three  photographs; 
and  the  indices,  estimated  intensities,  spacings  of  planes,  and  values  of 
nX  for  these  are  given  in  Tables  IV,  V  ani  VI.  The  nature  of  the  change 
of  intensity  with  wavelength  is  shown  by  the  inclusion  of  several  planes 
of  one  form. 

The  expressions  for  A  and  B  for  cases  which  will  be  considered  can  be 
simplified  to  the  following. 
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A.  Two  indices  even. 

For  n  =  1,  i4  =0,  and  B =0. 

For  11-2,  A  -0,  and  B=8S(C  sin  4t5«u  +  N  ««  4ir5«v) 

B.  One  index  even. 

Forn-l,  i4»0,  widB-0._  _ 

For  «-2,  i4  -8  Zn  +  8  S(C  cos  4r5„u  +  N  cos  4r5»v)  and  B =0. 

C.  All  indices  odd,  and  n  —  1. 

i4=4Zn  +  42  1  d^Yicos'-^  +  C  (  cw  2x5„u  +  cos  2ir  ( -j  -  5«u  jj 

+  N  f  CW  2t5„V  +  cos Tnrl  ~  -Snv\  j 
B=42    Zn  «»^  =b  K  «»^  +  cf  wn  2t5«u  +  5«n2T/  -*  ""*^»»")  ) 

+  ^isin  2wSnV  +  «»  2t/~  -•^••v)  )  1 

where  h>  k  +  1  =  Su  h-k-1  =  Sa;  -h  +  k-1  =  S,;  -h-k  + 
1  =  Sa.  The  summations  are  in  all  cases  to  be  taken  from  n  =  1,  to  n 
=  4.  The  sign  before  the  K  term  is  plus  if  the  potassium  atoms  have 
Arrangement  I,  and  minus  if  they  have  Arrangement  II. 


1- 


^ 

/A 

/  V 

^ 

V            /\ 

/        y  320       410^  , 

/             «C7         \ 

/ 

\y 

^ 

\^    V322^ 

\va23^ 

/ 

\  412    / 

v'^y 

/ 

a30|      , 

1        1        |0»|        ,        , 

1        |040|        ,        , 

1 

,o«l 

Fig.    3.— Values  of  2wn4xS,|U  for  various  planes  of 
Class  A. 

These  equations  show  that  planes  having  any  even  index  may  in  general 
reflect  in  the  second,  but  not  in  the  first  order,  and  that  planes  having 
all  odd  indices  may  reflect  in  the  first  order.  The  observations  are  in 
agreement  with  these  requirements. 

Second  order  reflections  from  planes  of  Class  A  should  be  due  to  the  cy- 
anide group  alone.     Planes  of  this  class  having  one  index  zero  should  not 
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appear  in  the  second  order  for  any  values  of  u  and  v;  and  in  fact  on  the 
photographs  none  were  foimd,  although  some  were  shown  to  be  favorably 
situated  for  reflection.  The  spots  of  Class  A  which  did  appear  in  the  second 
order  are  particularly  useful  in  confirming  the  location  of  the  cyanide 
group.  A  consideration  of  the  data  of  Tables  IV,  V  and  VI  and  of  other 
similar  data  shows  that  for  all  three  salts  the  following  relations  must  be 
true  of  the  values  of  VA  ^  +  £2 :  (441)  mugt  be  greater  than  (322)  and  (432) ; 
(421)  must  be  much  greater  than  (322) ;  (221)  must  be  appreciable.  The 
values  of  S  sin  4irS„u  for  these  planes  are  shown  plotted  against  values 
of  u  in  Fig.  3.  The  functions  defining  these  curves  have  the  property 
that  if  two  atoms  of  equal  reflecting  power  are  placed  at  two  different 
values  of  the  parameter,  the  resulting  value  of  -^A^  +  B^  will  be  given  by 
the  algebraic  sum  of  the  corresponding  ordinates.  The  conditions  given 
above  are  well  satisfied  by  placing  one  of  the  two  atoms  at  0.34  and  the 
other  at  0.40  as  in  the  previous  calculations;  but  the  presence  of  two 
parameters  makes  a  close  determination  of  their  values  impossible  with- 
out resort  to  rather  doubtful  quantitative  asstmiptions. 

The  planes  having  all  odd  indices  may  be  further  divided  into  two  classes. 
Class  Ca  comprises  those  which  have  either  only  one  or  all  three  indices 
equal  to  8  /?  =*=  3  (where  p  is  an  integer  which  need  not  be  the  same  for 
each  index) ;  and  class  Cb,  those  which  have  either  only  one  or  all  three 
indices  equal  to  S  p  ^  1.  Examples  of  Ca  are  (157),  (355),  (951);  ex- 
amples of  Cb  are:  (513),  (573),  (771).  When  planes  of  about  the  same 
spacing  were  compared,  it  was  found  that  those  of  Class  Ca  were  dis- 
tinctly more  intense  than  those  of  Cb ;  the  intensity  difference  was  great- 
est with  the  zinc  salt  and  least  with  the  merciuy  salt.  Neglecting  for 
the  moment  the  cyanide  group,  the  expression  for  Vi42  +  B^  reduces  to 
4  V2Zn  -  8  K  for  Class  Ca  and  to  4  V2Zn  +  8  K  for  Class  Cb  if  the  potassium 
atoms  have  Arrangement  I,  and  vice  versa  if  they  have  Arrangement  II. 
There  is  thus  a  wide  range  of  new  evidence  for  Arrangement  II.  This 
conclusion  is  not  invalidated  by  the  neglect  of  the  cyanide  group;  for  if 
V  — '/g  =  '/s— u  and  the  carbon  and  nitrogen  reflect  equally  the  C  and  N 
terms  become  zero.  The  fact  that  abnormalities  in  the  intensity  re- 
lations among  the  planes  of  class  Ca  alone  or  Cb  alone  were  certainly 
small  is  taken  to  indicate  that  u  and  v  have  approximately  such  values; 
this  test  is  especially  sensitive  in  the  case  of  Class  Cb  of  the  zinc  compound 
where  the  resultant  of  the  zinc  and  potassium  reflections  is  small. 

By  careful  direct  comparison  of  planes  of  the  same  class  the  following 
intensity  differences  in  the  case  of  the  zinc  salt  were  shown:  (951) >  (773), 
(975)>(11.5.3),  (553)>(731),  (771)>(753).  The  differences  were  small 
with  the  zinc  salt  and  very  imcertain  with  the  others.  The  parameters 
u  =  0.34  and  v  =  0.40  account  for  these. 
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l*lanes  of  Class  B  also  showed 

very  slight  abnormalities. 

With  t 

inc  salt  it  seemed  clear  that  VA' 

+  B^  should  stand  ic 

I  the  order  (50 

• 

Table  IV 

Laub  Photographic  Data  from  K2Zn(CN)4 

Plane 

Estimated 
intensity 

Spacing 

MX 

Plane 

Estimated 
intensity 

Spacing 

nX 

(122) 

1.8 

4.18 

0.88 

(753) 

0.05 

1.38 

0.55 

(023) 

0.0 

3.48 

0.82 

(913) 

1.6 

1.32 

0.55 

(223) 

0.1 

3.04 

0.84 

(771) 

0.4 

1.26 

0.46 

(214) 

0.5 

2.74 

0.80 

(951) 

1.2 

1.21 

0.38 

(524) 

0.1 

2.74 

0.60 

(915) 

1.4 

1.21 

0.50 

(432) 

0.05 

2.33 

0.95 

(377) 

1.3 

1.21 

0.48 

(441) 

0.3 

2.18 

0.96 

(975) 

0.8 

1.01 

0.42 

(414) 

0.2 

2.18 

0.80 

(579) 

0.9     • 

1.01 

0.48 

(133) 

0.8 

2.88 

0.52 

(3- 

11-5) 

0.7 

1.01 

0.48 

(313) 

1.4 

2.88 

0.98 

(1- 

11-7) 

0.1 

0.96 

0.55 

(315) 

0.4 

2.12 

0.55 

(11 

1-3-7) 

0.05 

0.94 

0.46 

(3S5) 

6. 

1.63 

0.44 

(599) 

0.2 

0.92 

0.43 

(731) 

2. 

1.63 

0.36 

(411) 

3. 

2.96 

0.98 

(7T3) 

5. 

1.63 

0.43 

(233) 

0.8 

2.67 

0.81 

(137) 

4. 

1.63 

0.67 

(134) 

0.9 

2.46 

0.77 

(317) 

1.4 

1.63 

0.81 

(413) 

1.2 

2.46 

0.84 

(713) 

0.3 

1.63 

0.99 

(125) 

0.7 

2.29 

0.89 

(373) 

0.4 

1.53 

0.54 

(415) 

0.4- 

1.94 

0.95 

(157) 

3.5 

1.45 

0.40 

(163) 

0.2- 

1.85 

0.96 

(§7T) 

3. 

1.45 

0.55 

(534) 

0.2- 

1.77 

0.94 

(735) 

0.1  + 

1.38 

0.44 

(037) 

0.1  + 

1.65 

0.85 

Table  V 

Laue  Photographic  Data  from  K2Cd(CN)4 

PUne 

Estimated 
intensity 

Spacing 

«x 

Plane 

Estimated 
intensity 

spacing 

fix 

(221) 

0.6 

4.28 

0.87 

(159) 

0.7 

1.24 

0.41 

(032) 

0.0 

3.56 

0.92 

(915) 

0.4 

1.24 

0.87 

(22g) 

0.2 

3.11 

1.04 

(377) 

0.6 

1.24 

0.42 

(124) 

0.1 

2.80 

0.64 

(757) 

0.5 

1.16 

0.41 

(412) 

0.4 

2.80 

.     1.20 

(3- 

11-3) 

0.3 

1.09 

0.40 

(342) 

0.0 

2.38 

0.86 

(T- 

511) 

0.1 

1.06 

0.48 

(441) 

0.1  + 

2.23 

0.84 

(11-5-3) 

0.6 

1.03 

0.47 

(T36) 

0.8 

2.17 

0.40 

(597) 

0.3 

1.03 

0.40 

(513) 

1.6 

2.17 

0.79 

(1 

•11-7) 

0.1 

0.98 

0.38 

(335) 

9. 

1.96 

0.45 

(11-91) 

0.1 

0.90 

0..38 

(155) 

0.7 

1.80 

0.41 

(6 

•1-15) 

0.1 

0.81 

0.47 

(653) 

4. 

1.67 

0.45 

(332) 

0.7 

2.74 

0.86 

(535) 

2. 

1.67 

0.90 

(314) 

0.7 

2.52 

0.78 

(571) 

1.0 

1.48 

0.34 

(215) 

0.4 

2.34 

'     0.81 

(715) 

1.8 

1.48 

0.43 

(125) 

0.6 

2.34 

0.92 

(751) 

6. 

1.48 

0.48 

(053) 

0.2- 

2.20 

0.72 

(175) 

5. 

1.48 

0.53 

(036) 

0.2 

2.20 

0.92 

(761) 

1.6 

1.48 

0.86 

(145) 

0.2 

1.98 

0.82 

(573) 

0.2+ 

1.41 

0.39 

(45?) 

0.1 

1.82 

0.85 

(771) 

0.2 

1.29 

0.38 

(370) 

0.1 

1.69 

0.76 
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TablsVI 
I<Aus  Photographic  Data  from  KsHg(CN)4 


Plane 

intensity 

Spacing 

n\ 

Plane 

intensity 

Spacing 

n\ 

(221) 

0.6 

4.26 

1.24 

(917) 

0.6 

1.11 

0.36 

(035) 

0.0 

3.64 

0.74 

(5'11-T) 

0.4 

1.06 

0.37 

(22g) 

0.0 

3.10 

0.69 

(3- 5- 11) 

0.8 

1.02 

0.36 

(214) 

0.3 

2.78 

0.79 

(779) 

0.2 

0.96 

0.34 

024) 

0.3 

2.78 

0.90 

(969) 

0.3 

0.93 

0.36 

(342) 

0.0 

2.37 

0.80 

(3- 13-3) 

0.4 

0.93 

0.44 

(441) 

0.06 

2.22 

0.71 

(I- 13-6) 

0.2 

0.91 

0.42 

(316) 

7. 

2.16 

0.48 

(13- 5-5) 

0.3 

0.90 

0.43 

(166) 

3. 

1.79 

0.48 

(332) 

1.2 

2.72 

1.10 

(7S5) 

3. 

1.66 

0.33 

(143) 

3.6 

2.60 

0.89 

057) 

4. 

1.47 

0.33 

(413) 

0.9 

2.60 

1.13 

(7n) 

6. 

1.47 

0.36 

(165) 

2.6 

2.33 

0.69 

(176) 

6. 

1.47 

0.43 

(216) 

0.7 

2.33 

1.07 

(617) 

1.2 

1.47 

0.67 

(433) 

1.6 

2.19 

0.70 

(716) 

1.0 

1.47 

0.60 

(306) 

1.3 

2.19 

0.88 

(376) 

1.6 

1.40 

0.36 

(614) 

0.9 

1.97 

0.71 

(766) 

1.1 

1.28 

0.36 

^T) 

0.3 

1.73 

0.88 

(519) 

2.0 

1.23 

0.44 

(07S) 

0.3 

1.68 

0.83 

(737) 

1.8 

1.23 

0.36 

>  (431)  >  (332)  for  these  three  planes.  The  parameters  cited  account  for 
this  order  but  would  lead  one  to  expect  larger  intensity  differences  than 
were  observed.  If  it  is  attempted  to  improve  the  agreement  by  taking 
other  values  of  u  and  v  (e.  g.,  by  placing  the  carbon  and  nitrogen  atoms 
much  closer  together  near  0.375)  the  quaUtative  account  of  the  spectro- 
graphic  intensities  fails.  The  difficulty  is  of  the  same  character  as  that 
found  by  Bozorth  with  potassium  cyanide  and  is  removed  in  both  cases 
if  atoms  of  the  cyanide  group  reflect  the  less  strongly  relative  to  the  other 
atoms,  the  smaller  the  spacing  of  the  planes,^  so  that  while  qualitative 
agreement  can  be  obtained  using  atomic  numbers  with  the  simple  planes 
giving  the  spectrographic  data,  greater  difficulty  is  found  with  the  com- 
plicated planes  of  the  Laue  photographs. 

However,  the  various  tests  which  have  been  applied  to  the  Laue  photo- 
graphic data  without  resort  to  assumptions  concerning  the  reflecting 
powers  justify  beyond  much  doubt  the  conclusions  that  the  potassium 
atoms  have  Arrangement  II ;  the  zinc,  cadmium,  or  mercury  atoms  Ar- 
rangement III ;  and  the  carbon  and  nitrogen  atoms  Arrangement  V  and  VI 
with   V«(ii   +   v)   equal  to  about  0.37. 

VI.    Discussion  of  the  Crystal  Structures 

The  arrangement  of  the  zinc,  cadmium,  or  mercury  atoms  is  shown 

by  the  large  cube  of  Fig.  4  in  which  BG  is  equal  to  dioo-    The  arrangement 

'  Increasing  departure  from  proportionality  with  atomic  nmnber  with  decreasing 

plane  spacing  in  the  case  of  NaCl  is  indicated  by  spectrometer  measmcments;  W.  L. 

Bragg,  James,  and  Bosanquet,  Phil,  Mag.,  41, 316  (1921). 
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of  the  other  atoms  is  shown  by  the  small  cubes  in  the  lower  part  of  the 
figure.  The  structure  may  be  obtained  by  the  alternation  of  the  small 
cubes  in  the  manner  indicated  by  the  lettering. 

There  is  good  evidence*  that  in  solution  the  ions  Zn(CN)4*,  Cd(CN)4*, 
and  Hg(CN)4*  exist.  One  may  well  inquire  whether  there  is  evidence 
as  to  the  existence  of  these  ions  in  the  solid  state.  In  answer  to  this  it 
may  be  pointed  out  that  each  cyanide  group  is  situated  differently  with 
respect  to  some  one  zinc  atom  from  what  it  is  with  respect  to  any  other; 
and  that  each  zinc  atom  has  four  cyanide  groups  surrounding  it  and  identi- 
cally related  to  it.  No  similar  remarks  apply  to  the  potassium  atoms. 
The  atoms  can  accordingly  be  segregated  into  Zn(CN)4  groups  and  K 
atoms   without  resorting   to   arbitrary   selection. 

On  the  other  hand,  it  is 
remarkable  that  the  struc- 
ture of  these  complex  cya- 
nides is  of  the  same  type  as 
that  previously  found*  for 
spinel,  MgAl204,  and  mag- 
netite, Fea04.  The  cyanide 
group  has  taken  the  place  of 
the  oxygen  atoms,  the  potas- 
situn  the  place  of  the  alumi- 
ntun  or  ferric  iron,  and  the 
zinc  the  place  of  the  magne- 
situn  or  ferrous  iron.  The 
crystal  structure  evidence  is, 
therefore,  as  much  indicative 
of    Fe04  groups  and   Mg04  ^.^  4.«Arrangement  of  the  atoms  in  K,Zn(CN)4, 


KtCd(CN)4,  or  KtHg(CN)4. 


groups  as  of  Zn(CN)4  groups; 
but  there  seems  to  be  little 
chemical  evidence  of  the  existence  of  Mg04  groups.  If  the  likeness  of 
crystal  structure  in  the  two  classes  of  compounds  is  taken  as  evidence  of 
correspondence  of  chemical  affinities,^®  either  the  Mg04  group  must  be  ac- 
cepted or  the  Zn(CN)4  group  given  up,  in  the  crystalline  state.  It  is 
plausible  to  assume  that  in  the  solid  state  the  groups  are  themselves 
completely  ionized  into  Mg+"*"  and  O"  ions  and  into  Zn++  and  CN"  ions. 
The  values  of  dioo  as  well  as  the  distance  from  the  center  of  the  cyanide 
group  (whose  position  is  probably  more  accurately  known  than  the  po- 

•Abegg,  "Handbuch  der  Anorganische  Chemie,"  Hirzel,  Leipzig,   1905,  II,  2, 
pp.  384,  aOO,  650. 

•  W.  H.  Bragg,  Phil.  Mag,,  30,  306  (1916).    Nishikawa,  Proc.  Tokyo  Math.  Phys. 
Soc.,  8,  199  (1916). 

^^  The  lack  of  definite  cleavage  in  both  series  of  crystals  lends  some  support  to  this 
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sitions  of  the  individual  carbon  and  nitrogen  atoms)  are  summarized 
in  Table  VII.  It  will  be  noticed  that  the  cadmium  compound  is  not 
intermediate  between  the  zinc  and  mercury  compoimds,  but  is  built 
on  a  slightly  larger  scale  than  even  the  merctny  compound.  It  will 
also  be  seen  that,  since  the  potassium  atoms  are  situated  relatively  to  the 
cyanide  groups  substantially  as  in  potassium  cyanide,*  the  distances 
between  their  centers  in  each  case  may  properly  be  compared.  The 
agreement  is  surprisingly  close;  indeed,  if  the  bivalent  atoms  of  the  com- 
plex cyanide  are  simply  removed  and  replaced  by  twice  as  many  potassium 
atoms  in  the  proper  position,  the  structure  of  potassium  cyanide  is  almost 
quantitatively  reproduced. 

Tablb  VII 
Distances 

Substance  dioo 

K,Zn(CN)4  12.64A. 

K,Cd(CN)4  12.84 

K,Hg(CN)4  12.76 

KCN  VjX13.10 

Vn.  Summary 
By  means  of  spectral  photographs  and  unsymmetrical  Laue  photo- 
graphs, the  structures  of  K2Zn(CN)4,  K2Cd(CN)4  and  K2Hg(CN)4  have 
been  determined.  In  the  interpretation  of  the  data  the  highly  useful 
theory  of  space-groups  has  been  employed,  and  it  was  not  necessary 
to  make  any  quantitative  asstunptions  as  to  the  "normal  decline"  of 
intensity.  The  results  show  that  these  compounds  have  the  structure 
summarized  at  the  end  of  Section  V,  represented  by  Fig.  4,  and  discussed 
in  Section  VI.  A  remarkable  fact  is  that  these  complex  cyanides  have  the 
same  structure  as  magnetite  (Fe304)  and  spinel  (MgAl204). 
Pasadena,  California 

NOTE 
A  Simple  Formula  for  the  Calculation  of  the  Specific  Heats  of  Solids. — 

The  most  important  present  day  theories  for  the  specific  heat  of  solids 
agree  in  one  respect,  namely,  that  for  a  large  class  of  solids,  C,  is  the 
same  function  of  the  temperature,  divided  by  a  constant  which  is  charac- 
teristic of  the  substance.     In  other  words 


toCN 

Zn, 

Cd 

,  or  Hg  to 

3.20A. 

2.6lA. 

3.28 

2.67 

3.25 

2.65 

3.28 

■<^ 


(1) 


where  T  is  the  absolute  temperature,  6  is  the  characteristic  tempera- 
ture for  each  substance  and  /  has  the  same  form  for  all  the  substances 
under  consideration.  This  is  Equation  5  in  the  treatment  of  specific 
heats  given  by  Lewis  and  Gibson.^ 

»  Lewis  and  Gibson,  This  Journal,  39,  2558  (1917). 
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Usually  the  function  /  is  very  complicated  in  form;  for  example,  the 
equations  of  Binstein,  Nemst  and  Lindemann,  and  Debye  are  very  diffi- 
cult to  evaluate,  while  Lewis  and  Gibson  make  no  attempt  to  obtain  an 
analytic  expression  for  the  form  of  /.  It  is  the  purpose  of  this  note  to 
present  a  simple  analytic  formula  which  has  been  fotmd  to  represent 
specific  heats  with  sufficient  accuracy  for  many  calculations. 

The  Specific  Heat  Formula. — A  simple  form  of  the  function  of  the 

previous  equation  which  has  been  found  to  fit  the  experimental  values  is 

T 
Ct =2.91  +  2.89  tan  h  2.96  log  -  (2) 

$ 

where  C,  is  given  in  calories  per  gram-atom.  It  will  readily  be  seen 
that  Equation  2  is  a  modification  of  the  equation  y  =  tan  h  x  after  a  trans- 
formation of  axis.  The  values  of  the  numerical  constants  have  been 
adjusted  by  the  method  of  least  squares  to  the  values  of  C,  given  in  Table 
I  of  the  paper  by  Lewis  and  Gibson.^  No  theoretical  significance  is  claimed 
for  Equation  2.  It  recommends  itself,  however,  because  of  its  anal3rtic 
simplicity.  It  is  of  interest  to  note  that  the  above  formula  is  symmetri- 
cal about  the  axis  C,  =  'A  /?  =  2.95,  while  the  actual  experimental 
curve  is  apparently  not  quite  symmetrical. 

In  the  following  table  the  values  of  C,  calculated  from  the  above  for- 
mula are  compared  with  those  of  Lewis  and  Gibson.  The  greatest  differ- 
ence is  seen  to  occur  where  log  6  has  the  largest  negative  values,  i.  e., 
at  the  lowest  temperattu^s.  The  agreement  at  higher  temperatures  is 
well  within  the  experimental  error. 

Tabix  I 
Spbcific  Heats 

Log  r  C.Calc-  LogT  CCalc- 

^  aCalc.  C,  Lewis  C.Lewis  ^  C.Calc.  C.Lewis  C,  Lewis 

-0.6  0.18  0.11  +0.09  0.4  5.30  6.26        +0.04 

-0.6  0.31  0.21  +0.10  0.6  6.61  6.49        +0.02 

-0.4  0.62  0.43  +0.09  0.6  6.64  6.66         -0.01 

-0.3  0.87  0.84  +0.03  0.7  6.7i  6.72        -0.01 

-0.2  1.38  1.43  -0.6  0.8  6.74  6.76         -0.02 

-0.1  2.08  .  2.19  -0.11  0.9  6.77  6.78        -0.01 

0.0  2.91  2.98  -0.07  1.0  6.78  6.79        -0.01 

0.1  3.74  3.78  -0.04  1.1  6.79  6.80        -0.01 

0.2  4.44  4.43  +0.01  1.2  6.79  6.81         -0.02 

0.3  4.96  4.91  +0.04 

The  Entropy  Equation. — Since  the  entropy  equation  is  obtained 
by  integration  of  the  specific  heat  equation  we  may  write 


Sv=  ff  2  91  +2.89  tank  2.96  log-\d  In - 


(3) 


*  Ref.  1,  p.  2661. 
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Evaluating  the  constant  of  integration  by  putting  the  entropy  equal  to 

T 
the  I>wis-Gibson  value  1.62  when  log  —  =   0,  we  obtain 

6 

5.  -  6.70  log-  +  6.1Slogw*2.951og  -+  1.62.  (4) 

B  $ 

In  the  following  table  the  calculated  entropies  are  compared  with  those 
obtained  graphically  by  Lewis  and  Gibson.*    The  agreement  is  good. 

Tabi^II 
Comparison  of  Entropies 

Log  I  5.  5.  S,-S,  LogT  S^  5.  5.-5. 

6  Calc.  Lewis  Calc.-Lewis           $  Calc.  Lewis  Calc-Lewis 

-0.6  0.08  0.04  -f-0.04  +0.4  6.60  6.69  +0.01 

-0.5  0.16  0.07  +0.08  +0.6  6.86  6.82  +0.03 

-0.4  0.24  0.15  +0.09  +0.6  8.12  8.08  +0.04 

-0.3  0.40  0.30  +0.10  +0.7  9.43  9.41  +-0.02 

-0.2  0.65  0.53  +0.12  +0.8  10.76  10.74  +0.02 

-0.1  1.05  0.98  +0.07  +0.9  12.07  12.07  0.00 

0.0  1.62  1.62  0.00  +1.0  13.40  13.40  0.00 

+0.1  2.39  2.41  -0.02  +1.1  14.74  14.74  0.00 

+0.2  3.33  3  37  -0.04  +1.2  16.08  16.08  0.00 

+0.3  4.42  4.42  0.00 

The  Method  of  Calculation. — ^The  values  of  tan  h  and  log  cos  h  are 
readily  obtained  from  tables  of  hyperbolic  functions.'  The  remainder 
of  the  labor  is  only  in  multiplication  and  addition,  the  former  of  which 
can  be  carried  out  with  sufficient  precision  for  the  purpose  with  a  20-inch 
slide  rule.  In  fact  all  of  the  calculated  values  given  in  the  two  tables 
were  very  readily  obtained  in  this  manner. 

Contribution  prom  thb  H.  J.  EIrass 

Fixed  Nitrogsn  Rbssarch  Laboratory, 
Washington,  D.  C. 

Received  Jannary  10, 1922 


'  The  "Smithsonian  Mathematical  Tables"    hyperbolic  functions  are  quite  suited 
for  this  purpose. 
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[CONTRIBDTION  FROIC  THS  DEK1CAT0U>GICAL  RjSSSAKCH  iNSTTrUTE  OF  PrEUADBLPHIA  ]' 

ORGANIC  NITRO  COMPOUNDS  CONTAINING  MERCURY 

By  Gborgb  W.  Raiziss  and  A.  Proskouriakoff 

ReceiTcd  August  33.  1031 

Introduction 

Up  to  the  present  day,  but  very  few  organic  nitro  compounds  containing 
mercury  attached  to  nuclear  carbon  have  been  described  in  the  scientific 
literature.  Dimroth^  in  1902  prepared  a  mercury  derivative  of  nitro- 
benzene; Hantsch  and  Auld^  in  1906  described  mercuiy  derivatives 
of  various  nitrophenols;  in  1911  Bayer  and  Co.*  patented  the  mercury 
derivatives  of  4-chloro-2-iiitrophenol;  in  1911  and  1912  Blumenthal*'*** 
prepared  the  mercuiy  derivative  of  nitrobenzoic  add.  In  1919  Raiziss 
and  Gavron^  prepared  mercury  derivatives  of  3-nitro-4-hydroxyphenyl- 
arsonic  acid  and  3,5-dinitro-4-hydrox3rphenylarsonic  acid.  Lecher*  in 
1920  prepared  mercury-o-nitrophenyl-mercaptide;  BIharasch  and  Piccard' 
prepared  p,o,o'-3-mercuric  chloride-dinitro-diphenylamine  and  also  mer- 
cury-bis-S-dinitro-mercazine. 

Since  1913  one  of  the  authors  in  collaboration  with  Drs.  J.  F.  Schamberg 
and  J.  A.  Kolmer  has  been  engaged  in  the  study  of  the  toxicity  and  bac- 
tericidal effects  of  organic  mercury  compounds.  During  this  time  a 
considerable  number  of  such  compotmds  have  been  investigated  by  us, 
many  of  which  had  not  previously  been  synthesized.  Of  this  entire  number 
the  sodium  hydroxymerciui-o-nitrophenolate,  named  by  us  Mercurophen, 
exhibited  biological  properties  far  superior  to  any  of  the  others.  It  has 
since  been  investigated  by  physicians  and  clinicians,^®*^^  and  several 
interesting  facts  have  been  established. 

The  study  of  mercurophen  suggested  to  us  the  idea  that  the  nitro  group 
enhances  the  bactericidal  influence  of  organic  mercurials.  This  is  in  direct 
contrast  to  the  theory  of  Ehrlich  who  regarded  the  nitro  group  as  exerting 
a  distherapeutic  influence  upon  organic  arsenical  compounds.  While 
our  experience  with  the  latter  class  of  compounds  in  vivo  corroborates 
Ehrlich's  findings,  results  of  experiments  in  vitro  are  just  the  reverse. 

»  Dimroth,  Ber.,  35,  2036  (1902). 
>  Hantsch  and  Auld,  ibid.,  39, 1105  (1906). 
«  Zentr.,  [I]  1769  1911;  Ger.  pat  234851. 

*Blumenthal,  Biochem.  Z.,  32,  59  (1911);  Deut.  Med,  Wochschr,,  38,  543  (1912); 
Gcr.  pat.  249725. 

•  Blumenthal,  Biochem.  Z.,  39,  50  (1912). 

•  Blumenthal  and  Oppenhdm,  ibid.,  57, 261  (1913). 

•  Raiziss,  Kolmer  and  Gavron,  /.  Biol.  Chem.,  40,  533  (1919). 

•  Lecher,  Ber.,  53B,  577  (1920). 

•  Kharasch  and  Piccard,  Tms  Journal,  42, 1855  (1920). 
«•  DeWitt,  /.  Am.  Med.  Assoc.,  75, 1422  (1920). 

"  Schamberg,  Kofaner,  lUiziss  and  Trist,  /.  Infectious  Diseases,  24, 547  (1919). 
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With  these  facts  in  mind,  the  authors  entered  upon  the  preparation  and 
study  of  mercury  derivatives  of  nitrophenol  and  its  substitution  products. 
In  addition,  they  prepared  mercury  derivatives  of  various  nitrosalicylic 
acids  and  derivatives  of  the  same,  for  not  only  is  salicylic  acid  itself  a 
valuable  germicide,  but  mercurated  salicylic  acid  is  regarded  as  an  im- 
portant factor  in  the  treatment  of  syphilis. 

In  preparing  compoimds  to  be  employed  as  chemotherapeutic  agents, 
it  is  most  desirable  that  they  dissolve  either  in  water,  forming  a  neu- 
tral solution,  or  in  just  sufficient  very  dilute  alkali  to  form  a  sodium 
salt.  In  addition,  the  resulting  solution  should  be  very  stable.  So- 
lutions of  sodiiun  salts  of  organic  merctuy  derivatives  containing  amino 
groups  as  a  rule  are  unstable,  the  merctuy  splitting  off  from  the  molecule 
and  depositing  as  a  fine  gray  powder.  Similar  solutions  of  nitro  compounds 
do  not  behave  in  this  way.  Alkaline  solutions  of  the  mercury  derivatives 
of  nitrophenol  and  nitrosalicylic  acid  can  stand  indefinitely  without  any 
mercury  being  deposited.  Solutions  of  inorganic  mercury  salts  and  aro- 
matic mercury  derivatives  in  which  the  mercury  is  not  very  firmly  at- 
tached, exhibit  two  marked  characteristics.  First,  they  precipitate 
the  proteins  in  the  blood,  their  therapeutic  values  thereby  becoming 
diminished  and  secondly,  surgical  instruments  immersed  in  them  readily 
tarnish.  Solutions  of  mercurophen  and  other  merciu-y  nitro  compounds 
possess  these  qualities  only  to  a  very  slight  extent. 

The  introduction  of  mercmy  into  the  nucleus  is  efi'ected  by  warming 
the  nitrophenol  or  salicylic  acid  in  water  for  several  hours  with  either 
mercuric  acetate  or  oxide,  usually  resulting  in  the  formation  of  a  mix- 
ttu'e  of  mono-  and  dimercurated  products. 

In  the  case  of  the  acetate  derivatives  separation  of  the  two  compounds 
is  very  difficult  since  they  are  insoluble  in  the  usual  organic  solvents  except 
glacial  acetic  acid.  Separation  by  the  latter,  however,  is  incomplete. 
An  effective  method  is  to  transform  the  mixture  into  chloromercuri  de- 
rivatives by  means  of  hydrochloric  acid  and  subject  these  to  fractional 
crystallization  from  methyl  or  ethyl  alcohol.  In  those  instances  where 
this  method  fails  to  produce  satisfactory  results,  separation  has  been 
effected  by  fractional  crystallization  of  the  sodium  salts  from  hot  water. 
The  greater  part  of  the  dimercury  compound  crystallizes  out  upon  cooling. 
The  filtrate  containing  all  of  the  monomercury  derivative  and  still  some 
of  the  dimercury  is  then  acidulated  with  hydrochloric  add  producing 
the  corresponding  chloromercuri  derivatives  which  precipitate.  This 
mixttu-e  is  then  subjected  to  fractional  crystallization  from  hot  alco- 
hol. The  monomerciuy  derivative  is  usually  the  more  soluble  and  by  re- 
peated recrystallizations  the  dimercury  compound  is  removed.  Our 
experiences  in  the  mercuration  of  ^-nitrophenol  are  not  in  accordance 
with  the  results  claimed  by  Hantsch  and  Auld.'    By  boiling  together 
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an  alcoholic  solution  of  sodium  (7-nitrophenolate  and  an  aqueous  solution 
of  one  mol  of  mercuric  acetate,  they  obtained  a  yellow  precipitate  to 

which  they  ascribed  the  following  structural  formula,  0  =  CeH8'C       y^- 

This  product,  they  claimed,  without  any  fiuther  purification,  when  ana- 
lyzed, gave  results  for  carbon  and  hydrogen  remarkably  close  to  the 
theoretical  values.*^ 

The  product  obtained  by  us  was  probably  a  mixture  of  the  mono-  and 
dimercury  compounds  from  which  it  was  impossible  to  separate  either 
substance  pure. 

It  is  interesting  to  note  that  with  5-nitrosaHcylic  acid  the  dimercury 
derivative  is  obtained  almost  exclusively  even  though  allowed  to  react 
with  only  equimolar  quantities  of  mercuric  oxide  or  acetate. 

The  mercury  derivatives  described  in  this  paper  belong  to  the  series  of  the 
so-called  half  complex  compoimds  in  which  one  of ,  the  valences  of  the  metal 
is  attached  to  a  nuclear  carbon  atom,  the  other  to  an  hydroxyl,  a  halogen 
or  other  acid  radical.  The  firmness  of  the  linkage  between  the  merciuy 
and  the  nuclear  carbon  is  not  the  same  in  the  various  half  complex  mer- 
curials. In  an  earlier  publication^  one  of  the  authors  suggested  an  ac- 
curate method  for  estimating  this  firmness.  None  of  the  compounds 
described  in  this  paper  was  affected  by  ammonium  sulfide  at  room  tempera- 
ture within  30  minutes.  At  80®,  however,  all  yielded  a  precipitate  of 
mercuric  sulfide  within  the  same  time. 

The  positions  of  the  mercury  in  our  compounds  have  not  been  deter- 
mined as  yet.  It  is  our  intention  to  take  up  this  question  later  in  con- 
junction with  other  theoretical  considerations.  It  is  very  possible,  how- 
ever, that  the  mercury  assumes  a  position  either  para  or  orHto  to  an  hy- 
droxyl or  a  carboxyl  group,  since  in  several  instances  where  the  para  and 
either  one  or  both  of  the  oriho  positions  are  already  occupied  by  a  sub- 
stituent,  no  substitution  of  the  mercury  in  the  ring  occurred.  Prolonged 
boiling  of  mercuric  acetate  with  the  following  nitro  compounds  yielded 
no  products  of  the  type  R-Hg.X:  2-iodo-4-nitrophenol,  2,4-dinitro- 
phenol,  2-nitro-4-chlorophenol,2,6-dibromo-4-nitrophenol  and  2-nitro-4- 
chlorobenzoic  acid. 

Experimental 
4-Acetoxy]nercuri-2-nltrophenol. — ^A  solution  oF  22.3  g.  of  mercuric  acetate  dis- 
solved in  200  cc.  of  water  with  the  aid  of  about  1  cc.  of  glacial  acetic  acid  is  added  drop 
by  drop  to  a  warm  solution  of  sodium  o-nitrophenolate  prepared  from  10  g.  of  o-nitro- 
phenol  dissolved  in  200  cc.  of  water  and  10  cc.  of  40%  sodium  hydroxide  solution.  An 
'orange  colored  precipitate  ap|>ears  immediately.  The  whole  is  stirred  mechanically 
for  2  hours,  at  the  end  of  which  time  the  precipitate  acquires  a  yellow  color.     It  b  filtered 

"  Calc.  for  C«H,NOiHg:  C,  21.36:  H,  0.87.  Found:  C.  21.7:  H,  0.85.  Un- 
fortunately, they  give  no  results  for  mercury  or  nitrogen  which  according  to  their  for- 
mula should  be  56.84  and  4.15%  respectively. 
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off  and  thoroughly  washed  with  boiling  water  containing  a  slight  amount  of  acetic  acid. 
The  crude  product  thus  obtained  is  dissolved  as  completely  as  possible  in  5%  sodium 
hydroxide,  filtered  and  repredpitated  by  acetic  acid.  This  precipitate  is  filtered  off, 
washed  with  water,  then  methyl  alcohol,  and  finally  with  ether  until  the  last  traces  of 
nitrophenol  are  removed.  The  jrield  is  16.5  g.  The  product  is  easily  soluble  in  hot 
glacial  acetic  add  and  insoluble  in  the  usual  organic  solvents. 

Analyses  for  mercury  and  nitrogen  indicate  that  the  product  b  a  mixture  of  the 
mono-  and  dimercury  compounds.  Foiu-  crystallizations  from  hot  glacial  acetic  add 
gave  a  product  which  apparently  contained  a  larger  proportion  of  the  monomercury 
compoimd. 

4-Chloromercuri-2-nitrophenol. — Our  idea  relative  to  the  contamination  of  the 
corresponding  acetate  by  the  dimercuric  acetate  derivative  is  further  substantiated  in  a 
study  of  the  chloride.  This  is  prepared  from  the  previously  described  mixture  of  ace- 
tates by  one  of  three  methods:  first,  by  suspending  in  water  and  transposing  with 
25%  sodium  chloride  solution;  second,  by  converting  into  the  sodium  salt  by  means  of 
dil.  sodium  hydroxide  solution,  filtering  off  any  insoluble  residue  and  repredpitating  the 
filtrate  by  hydrochloric  add;  third,  by  merdy  transposing  the  acetate  with  hydrochloric 
add.  In  any  case,  the  white  product  obtained  is  washed  free  from  inorganic  chlorides 
with  water,  taken  up  with  methyl  alcohol  and  boiled.  Complete  solution  is  not  obtained. 
The  insoluble  residue  is  filtered  off  and  repeatedly  extracted  with  hot  methyl  alcohol. 
The  substance  remaining  tmdissolved  is  dried  in  vacuo  over  sulfuric  add  to  constant 
weight.  Mercury  analyses  indicate  it  to  be  a  mixture  of  the  mono-  and  dimercury 
compotmds. 

The  original  methyl  alcoholic  filtrate  is  allowed  to  crystallize.  The  product  which 
deposits  is  recrystallized  several  times  from  methyl  alcohol  and  dried  to  constant 
wdght. 

Analyses.  Subs.,  0.1983,  0.2006:  HgS,  0.1384,  0.1374.  Subs.,  0.2000:  N,  5.06  cc. 
of  0.1  N  HitS04.  Calc.  for  CeH40,NClHg:  Hg,  53.55;  N,  3.75.  Found:  Hg,  53.18; 
53.97;  N,  3.57. 

Sodium  hydroxymercuri-o-nitrophenolate  (Mercurophen).— This  compound  may  be 
prepared  from  dther  the  mercuric  chloride  or  acetate  derivative  of  o-nitrophenol  by 
dissolving  as  completdy  as  possible  in  dil.  sodium  hydroxide  solution.  Any  insoluble 
residue  is  filtered  off  and  the  filtrate  concentrated  under  reduced  pressure.  On 
cooling,  a  red  solid  crystallizes.  This  is  thoroughly  washed  with  ice-cold  water 
and  then  recrystallized  from  hot  water. 

Analyses.  Subs.,  0.1998,  0.1998:  HgS,  0.1218,  0.1230.  Subs..  0.2000:  N,6.08cc. 
of  0.1  N  H,S04.  Calc.  for  CiH404NNaHg:  Hg,  53.05;  N,  3.70.  Pound:  Hg,  52.81; 
N,  3.58. 

2-Acetoxymercuri-4-nitrophenol. — ^Aqueous  solutions  of  equimolar  quantities 
of  sodium  />-nitrophenolate  and  mercuric  acetate  are  boiled  for  2  hours.  The  restdting 
yellow  predpitate  is  thoroughly  washed  with  water,  recrystallized  thrice  from  hot  glacial 
acetic  add  and  finally  dried  in  vacuo  over  calcium  chloride  for  3  days  when  constant 
wdght  is  obtained. 

Analyses  for  mercury,  nitrogen  and  carbon  indicate  that  the  product  is  a  mixture  of 
mono-  and  dimercury  compounds. 

2-Chloromercuri-4-mtrophenol. — The  acetate  mixttu'e  is  converted  into  the  mono- 
soditun  salt  by  warming  with  dil.  sodium  hydroxide  solution,  filtering  off  any  insoluble 
residue  and  allowing  the  filtrate  to  cool.  An  orange  colored  deposit  is  obtained,  which 
is  filtered  off,  dissolved  in  water  and  addified  with  hydrochloric  add.  A  white  predpi- 
tate of  the  chloride  is  obtained.  This  is  recrystallized  thrice  from  50%  ethyl  alcohoL 
Analyses.    Subs.,  0.1p98,  0.1998:  HgS.  0.1240,  0.1251.    Subs..  0.2000:  N.  5.26cc. 
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ot0.lNH^SO4.    Calc.  for  CeH^OiNClHg:   Hg,  63.55;   N,  3.75.    Found:   Hg.  63.60. 
53.8Q;  N,  3.71. 

4-Acetoxymerciiri-2-nitrore8orcln. — ^Equimolar  quantities  of  mercuric  acetate 
and  2-nitroresorcin  are  heated  on  the  water-bath  for  one-half  hour.  The  orange  colored 
precipitate  obtained  is  filtered  off,  washed  thoroughly  with  water,  then  ethyl  alcohol, 
and  finally  with  ether.  It  is  dried  in  vacuo  over  calcium  chloride  for  48  hours.  The 
yield  is  75%.    It  is  slightly  soluble  in  water,  ethyl  alcohol,  and  ether. 

Analysis.  Subs.,  0.2000:  N,  4.8  cc.  of  0.1  N  H,S04.  Calc.  for  CgHTO^NHg:  N, 
3.38.     Pound:  3.38. 

4-Chloromerciui-2-nitroresorcln. — By  warming  together  2-nitroresorcin  suspended 
in  water  and  freshly  precipitated  mercuric  oxide  on  the  water-bath  for  2  hours,  an  orange 
colored  precipitate  is  obtained.  This  is  filtered  off,  washed  with  water,  ethyl  alcohol 
and  ether  and  then  converted  into  the  chloride  by  10%  hydrochloric  acid.  The  precipi- 
tate is  washed  free  from  inorganic  chloride  and  dried. 

It  is  a  pale  orange  colored,  amorphous  powder,  soluble  in  dil.  sodium  hydroxide 
solution,  methyl  and  ethyl  alcohols,  ether,  benzene  and  chloroform.  It  is  extremely 
soluble  in  acetone  and  but  slightly  in  hot  water. 

Analyses.  Subs.,  0.2000,  0.2000:  HgS,  0.1195,  0.1193.  Subs.,  0.2000:  N,  6.12cc. 
of  0.1  N  H,S04.  Calc.  for  CJl404NClHg:  Hg.  51.41;  N,  3.50.  Found:  Hg.  51.60, 
51.36;  N,  3.61. 

5-NitrosalicyIic  Acid. — ^Unsatisfactory  results  were  obtained  upon  attempting 
to  prepare  this  acid  by  the  methods  described  in  the  literature.  By  the  method  of 
Deninger,*'  the  reaction  proceeded  rather  violently  and  the  final  product  consisted 
mostly  of  0-  nitrophenol  and  3,5-dinitrosalicylic  acid.  By  the  methods  of  R.  Hirsch** 
and  Hiibner"  the  yields  of  piu-e  add  as  a  rule  were  very  small. 

The  following  method  which  we  adopted  gave  satisfactory  results.  100  g.  of  salicylic 
acid  was  dissolved  in  800  g.  of  glacial  acetic  acid.  This  was  gradually  nitrated  by  50  g. 
of  nitric  acid  (sp.  gr.  1.60),  the  temperature  being  kept  at  20**  and  the  solution  stirred 
mechanically.  The  mixture  was  allowed  to  stand  at  ordinary  temperature  until  it 
assumed  a  dark  red  color,  which  requires  from  30  to  45  minutes,  and  then  was  poured 
into  2000  g.  of  cracked  ice.  A  yellow  crystalline  precipitate  was  produced  almost 
immediately.    After  1  hour  it  was  filtered  off  and  thoroughly  washed  with  cold  water. 

To  obtain  the  pure  5-nitrosalicylic  add,  the  crude  product  was  suspended  in  400  cc. 
of  water,  the  whole  heated  just  to  boiling,  filtered  while  hot  and  the  filtrate  discarded. 
The  residue  as  a  rule  is  the  pure  product,  having  a  sharp  mdting  point  of  228**.  In 
some  cases  the  impurities  are  not  quite  all  removed  by  the  above  procedure.  By 
repeating  with  a  smaller  amount  of  water,  the  last  traces  of  impurities  are  removed. 

3-Chloromercuri-5-nitrosalicylic  add. — ^Upon  heating  5-nitrosalicylic  acid  with 
a  suspension  of  2  mols  of  freshly  prepared  mercuric  oxide  in  water  at  the  boiling  tem- 
perature for  12  hours,  an  orange  colored  substance  is  obtained.  After  filtering,  thor- 
oughly washing  with  water,  alcohol,  ether  and  subsequent  drying  in  the  desiccator, 
it  showed  upon  analysis  67.85%  mercury  and  2.54%  nitrogen.  When  warmed  for  a 
short  time  with  hot  alkali,  part  of  the  mercury  is  split  off  forming  mercuric  oxide  which 
is  removed  by  filtration  and  the  filtrate  allowed  to  cool.  A  slight  amount  of  a  white 
substance  deposits.  This  is  filtered  off  and  the  filtrate  acidified  with  hydrochloric  add. 
A  predpitate  consisting  of  a  mixture  of  the  mono-  and  dimercury  derivatives  of 
5-mtrosalicylic  add  is  thrown  down  at  once.    After  these  two  compounds  are  thoroughly 

n  Deninger,  /.  prakt.  Chem.,  [2]  42,  550  (1890). 
1*  Hirsch,  Ber.,  33, 3239  (1900). 
»  Hubner.  Ann.,  195,  46  (1879). 
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washed  with  water,  separation  is  effected  by  boiling  with  50%  methyl  alcohol,  which 
dissolves  the  monomercury  compound.  The  mixtm-e  is  filtered  hot  and  the  mono- 
mercury  compound  crystallizes  from  the  filtrate  on  cooling.  It  was  recrystallized  twice 
again  from  hot  50%  methyl  alcohol  and  dried. 

Analyses.  Subs.,  0.0971:  HgS,  0.0552.  Subs.,  0.2000:  (Kjeldahl)  4.66  cc.  of  0.1 
iVHiSO*.  Subs.,  0.1761:  CO,,  0.1214.  Calc.  for  C7H406NClHg:  Hg,  47.96;  N,  3.34; 
C,  20.09.    Found:  Hg,  47.83;  N,  3.20;  C,  19.38. 

The  fraction  remaining  undissolved  in  the  hot  50%  methyl  alcohol  is  boiled  with  the 
same  once  more  and  recrystallized  twice  from  95%  ethyl  alcohol. 

The  product  gave  mercury  analyses  which  indicated  that  it  was  a  dimercury  com- 
pound containing  a  considerable  impurity  of  a  trimercury  compound. 

3-Cliloromercuri-5-nitrosalicylic  acid  is  a  pale  yellow  crystalline  substance,  slightly 
soluble  in  hot  water,  easily  soluble  in  methyl  and  ethyl  alcohols,  ether  and  acetone. 
With  dil.  alkali  a  yellow  solution  is  obtained.     It  melts  with  decomposition  at  235^. 

The  dimercury  derivative  resembles  in  appearance  the  corresponding  monomercury 
compound.  It  is  insoluble  in  water,  benzene  and  ether,  but  soluble  in  dilute  alkali  and 
hot  ethyl  alcohol.     It  melts  with  decomposition  at  238  **. 

Di-acetoxymercuri-5-nitrosalicylic  acid. — The  product  obtained  by  warming 
5-nitrosalicylic  acid  with  2  mols  of  mercuric  oxide  is  dissolved  in  boiling  glacial  acetic 
acid  and  filtered  while  hot.  When  the  filtrate  is  cooled,  a  white  crystalline  precipitate  is 
obtained  which  is  recrystallized  twice  from  boiling  acetic  acid.  After  drying  in  vacuo 
it  assumes  a  pale  yellow  color  and  is  insoluble  in  water,  alcohol,  ether  and  benzene; 
readily  soluble  in  dil.  sodium  hydroxide  solution. 

Analyses.  Calc.  for  C»H707NHg:  Hg,  45.35;  N,  3.17;  C.  24.49.  Calc.  for  C„H.- 
OgNHg,:  Hg,  57.22;  N,  2.00;  C,  18.88.     Found:  Hg,  56.94;  N,  2.91 ;  C,  18.74. 

This  same  substance  can  be  prepared  by  boiling  together  5-nitro-salicylic  acid  and 
aqueous  solution  of  mercuric  acetate. 

An  attempt  was  made  to  mercurize  3-bromo-5-nitrosalicylic  acid**  but  the  product 
was  apparently  a  mixture  of  mono-  and  dimercury  compounds. 

3,5-Dinitrosalicylic  Acid. — This  acid  was  prepared  according  to  the  method  of 
Hiibncr"  with  the  following  modification.  Instead  of  purifying  through  the  barium 
salt,  we  recrystallized  from  small  amounts  of  hot  water.  The  nitrogen  analysis  corre- 
sponded to  the  theoretical  value  and  the  melting  point  agreed  with  that  fotmd  by  Hubner. 

Both  mercuric  acetate  and  freshly  prepared  mercuric  oxide  form  mercury  derivatives 
with  3,5-dinitrosalicylic  acid  which  resemble  each  other  both  in  appearance  and  physical 
properties.  They  are  yellow  crystalline  substances,  completely  soluble  in  dil.  alkali  and 
insoluble  in  water,  alcohol,  ether,  chloroform,  benzene  and  acetone.  They  have  no 
sharp  melting  points  but  begin  to  decompose  at  230^.  It  was  not  found  possible  to 
obtain  definite  compounds  from  these  products.  They  apparently  consist  of  mixtures  of 
mono-  and  dimercury  compounds. 

Summary 

1.  The  preparation  and  some  of  the  chemical  properties  of  the  follow- 
ing compomids  have  been  studied:  4-chloromercuri-2-nitrophenol,  so- 
dium hydroxymercuri-(?-nitrophenolate  (mercurophen),  2-chloromercuri- 
4-nitrophenol,  4-acetoxymerciui-2-mtroresorcin,  4-chloromerciui-2-nitro- 
resorcin,  3-chloromercuri-5-nitrosalicylic  acid,  and  di-acetoxymercuri- 
5-nitrosalicylic  acid. 

'•  Lellman  and  Grothmann,  Ber.,  17,  2724  (1884). 
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2.  The  mercurization  of  3-bromo-5-nitrosalicylic  acid  and  of  3,6-di- 
nitrosalicylic  acid  gave  mixtures  of  mono-  and  dimercury  compounds 
from  which  it  was  impossible  to  separate  piu-e  substances. 

3.  Modifications  in  the  preparation  of  5-nitrosalicylic  add  and  3,5- 
dinitrosalicylic  acid  are  described. 

PmLADKU»HIA,  PBNNSYLVANIA 
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The  purpose  of  this  investigation,  as  it  developed,  was  twofold.  It 
was  desired,  in  the  first  place,  to  obtain  additional  information  bearing 
upon  the  chemical  constitution  of  the  nitro-anilines  and,  second,  to 
test  the  hypothesis  advanced  in  a  previous  paper*  as  to  the  mechanism 
of  mercurization  of  aromatic  amines.  It  was  pointed  out  in  that  paper 
that  mercurization  of  aromatic  amines  proceeds  probably  in  two  stages: 
first,  the  addition  of  the  mercury  salt  to  the  amino  group  forms  an 
ammonium  salt;  this  ammonium  compound  then  rearranges,  the  most 
strongly  positive  group  migrating  to  the  para  position  or,  that  position 
being  occupied,  to  the  ortho  position. 

While  this  point  of  view  seems  to  be  generally  applicable  in  the  case 
of  aromatic  amines,  it  is  quite  conceivable  that  mercurization  of  amines 
capable  of  existing  in  the  quinoid  form,  e.  g.,  the  ortho  and  para  nitro- 
anilines,  might  take  place  by  the  absorption  of  the  mercury  salt  at  the 
double  bond.*  Evidence  of  this  type  of  substitution  might  well  be  ob- 
tained in  the  study  of  mercurization  of  the  nitro-anilines  and  of  the  mono- 
nitro-diphenyl-amines.  The  present  paper  deals  with  the  former  phase 
of  the  problem. 

As  a  general  principle,  one  writes  different  structural  formulas  to  indi- 
cate the  tautomeric  forms  of  a  given  compound.  In  the  case  of  the 
ortho  and  para  nitro-anilines,  we  might  assume  that,  in  solution,  we  are 
dealing  with  a  mixture  of  the  following  tautomers  in  equilibrium, 

*  National  Research  Fellow  in  Organic  Chemistry. 

*  The  material  presented  here  is  used  by  Frederick  W.  M.  Lommen  in  his  disserta- 
tion presented  in  partial  fulfilment  of  the  requirements  for  the  degree  of  Doctor  of 
Philosophy  at  the  University  of  Chicago. 

*  Associate,  Otho  S.  A.  Sprague  Memorial  Institute,  University  of  Chicago. 

*  Kharasch  and  Jacobsohn,  Tms  Journal,  43,  1894  (1921). 

*  The  absorption  of  mercuric  acetate  by  quinone,  and  also  the  behavior  of  the 
mercury  salts  of  unsaturated  aliphatic  acids  containing  the  double  bond  in  the  a-/3, 
^-7  and  y-d  positions  will  be  discussed  in  a  subsequent  paper  by  Elharasch. 
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III 

the  para  compound  being  taken  for  illustration.  In  the  case  of  m-nitro- 
aniline,  however,  structural  formulas  do  not  permit  us  to  write  such 
a  simple  quinoid  arrangement.  The  question  naturally  arises  whether 
oiu:  chemical  reactions  are  compatible  with  the  ordinary  benzenoid  struc- 
tures for  the  3  nitro-anilines,  or  whether  the  behavior  of  the  oriho  and  para 
isomers  is  sufficiently  different  from  that  of  the  meta  compound,  and  in 
agreement  with  a  quinoid  structure  for  those  compounds. 

It  must  be  stated,  however,  that  the  present  investigation  is  more  of 
a  qualitative  nature  and  the  real  issue  in  question,  as  far  as  the  present 
authors  are  concerned,  is  whether  any  of  the  tautomeric  form  II  exists 
in  solution.  The  presence  of  tautomer  III  in  this  solution  should  then 
follow,  as  in  the  case  of  sulfaniUc  acid,  ^-aminobenzoic  acid,  etc. 

The  only  work  of  which  the  present  writers  are  aware  concerning  the 
nitronic  acid  structtu'es  of  the  nitro-anilines  is  that  of  Baly  and  his  col- 
laborators on  the  absorption  spectra  of  these  compounds.  In  the  first 
paper  on  the  nitro-anilines,  Baly,  Edwards  and  Stewart*  arrive  at  the  con- 
clusion that,  since  the  nitro-anilines,  in  alcoholic  solution,  show  the  ab- 
sorption bands  present  in  quinones  and  diketones,  while,  in  hydrochloric 
acid  solution,  they  show  none  of  these  characteristics,  the  substances 
in  alcoholic  solution  must  have  the  quinoid  form  (II).  This  latter  struc- 
ture for  the  nitro-anilines  has  been  criticized  by  Hantzsch,^  since  he  claims 
that  it  is  not  appUcable  to  the  dialkyl  nitro-anilines  which  also  show 
similar  absorption  curves.  Baly*  in  collaboration  with  Tuck  and  Mars- 
den,  in  a  subsequent  paper,  abandons  the  quinoid  structiu-es  for  the  ni- 
tro-anilines and  ascribes  the  absorption  band  to  the  "isorropesis  between 
the  nitro  group  and  the  aniline  residue." 

The  main  reason  given  by  Baly  for  rejecting  the  quinoid  structure  for 
the  nitro-anilines  is  as  follows:  * 'While  it  may  be  urged  that  the  absorp- 
tion of  the  free  base  and  the  monomethyl  derivative  (3-nitro-^-toluidine) 
is  due  to  their  existing  in  the  quinoid  form,  it  is  difficult  to  see  how  the 
dimethyl  compound  can  exist  in  this  form,  and  yet  the  absorption  spectra 
of  all  three  are  almost  identical.  The  only  difference  is  the  shift  toward 
the  red  accompanying  the  introduction  of  the  methyl  group."  And, 
about  the  nitro-anilines,  they  say,  "There  is  no  difference  at  any  moment 
between  the  free  compounds  and  the  dimethyl  derivatives.    The  con- 

•  Baly,  Edwards  and  Stewart,  7.  Chem.  Soc,  89,  517  (1906). 

^  Hantzsch,  Ber.,  43,  1668  (1910). 

»  Baly,  Tuck  andiMarsden,  7.  Otem.  Soc,  97,  681  (1910). 
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elusion,  therefore,  is  forced  upon  us  that  the  same  explanation  of  the  color 
and  absorption  must  be  given  in  each.  A  simple  quinoid  compotmd  is 
ruled  out  in  the  case  of  the  dimethyl  compound  and  hence  we  are  com- 
pelled to  abandon  it  in  the  case  of  the  parent  substances." 

In  spite  of  the  later  views  advanced  by  Baly  and  the  objections  raised 
by  Hantzsch  to  the  nitronic  acid  structure  fcwr  the  o-  and  ^-nitro-aniUnes, 
it  may  be  profitable  to  examine  the  structure  of  the  nitro-anilines  in  the 
light  of  the  writers'  work  upon  the  mercury  derivatives  of  these  compounds. 
If  the  original  view  held  by  Baly  as  to  tiie  structure  of  the  nitro-anilines 
in  alcoholic  solution  were  correct,  then,  in  this  solvent,  the  conditions  would 
be  most  favorable  for  the  formation  of  the  tautomer  II  and,  if  a  suffi- 
ciently insoluble  salt  of  this  tautomer  could  be  produced  by  the  addition 
of  some  base,  it  should  precipitate.  As  a  matter  of  fact,  when  an  alco- 
holic solution  of  o-  or  ^-nitro-aniline  is  treated  with  an  aqueous  solution 
of  mercuric  acetate,  intensely  colored  compounds  are  precipitated  in  the 
course  of  a  few  seconds.'  They  behave  as  mercuric  salts,  reacting  readily 
with  ammonium  sulfide  in  the  cold  to  give  a  precipitate  of  mercuric  sul- 
fide. Their  structures,  from  the  viewpoint  advanced  would  then  be 
according  to  Formula  IV,  the  para  compound  being  taken  for  illustration. 
On  the  other  hand,  for  the  meta  nitro-aniline,  in  which  the  formation  of  a 
quinoid  compound  of  this  type  is  not  possible,  the  reaction  with  merciuic 
acetate  is  much  slower,  and  the  product,  instead  of  being  highly  colored, 
as  in  the  case  of  the  oriho  and  para  isomers,  is  almost  white.  Its  analysis 
corresponds  to  Formula  V,  a  different  t3rpe  of  compound  from  .that  ob- 
tained from  the  oriho  and  para  nitro-anilines. 


HN=f     -|     II  II     r     Y=NH 

^==N— O— Hg— O— N=k/ 

IV 


H, 
/\     I' 


Hg— O—C— CH, 

I  II 

O— C— CH,  O 

II 


>0-r-7S 


NO, 

V  VI 

It  is  interesting  to  note  here  that  Jackson  and  Peakes^®  have  obtained, 
in  the  case  of  m-nitro-aniline,  as  well  as  with  its  oriho  and  para  isomers, 
a  highly  colored  compoimd  upon  treating  with  nascent  mercuric  oxide. 
The  analysis  of  the  products,  however,  has  led  them  to  conclude  that, 
*  The  oriho  and  para  isomers  react,  in  this  manner,  not  only  with  mercmic  acetate, 
but  in  alcoholic  solution  they  unite  directly  with  mercuric  oxide  to  give  the  same  com- 
pounds. 

^  Jackson  and  Peakes,  Am,  Chem.  J.,  39,  567  (1908). 
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while  the  o-,  m-  and  ^-nitro-aniline  salts  probably  have  the  structure 
shown  m  Formula  VI,  the  w-nitro-anilme  derivative  must  also  contain 
a  molecule  of  water  of  crystallization. 

The  formation  of  such  a  colored  derivative  in  the  case  of  m-nitro-ani- 
line,  using  nascent  mercuric  oxide,  and  also  of  a  maroon  compound  when 
an  alcoholic  solution  of  o-bromo-w-nitro-aniline  (i.  e.,  a  substituted  m- 
nitro-aniline)  is  treated  with  an  aqueous  solution  of  mercuric  acetate, 
as  observed  by  the  writers,  is  hardly  compatible  with  the  concepts  de- 
veloped above.  Therefore,  it  became  necessary  either  to  reject  the  very 
tempting  idea  of  quinoidation,  as  derived  from  the  behavior  of  the  o-, 
p'  and  w-nitro-anilines  in  alcohol  solution  with  mercuric  acetate,  or  to 
show  that  these  maroon  products  obtained  from  w-nitro-aniline  are 
chemically  different  from  compounds  capable  of  existing  in  the  quinoid 
form,  e,  g.,  o-  and  p-nitro-anilines,  and  substituted  nitro-anilines  such  as 
nitro-toluidines,  ^-bromo-(?-nitro-anilines,  etc. 

It  is  very  significant  in  this  connection  that,  while  the  colored  com- 
pounds obtained  from  o-  and  />-nitro-anilines  always  give  analyses  which 
correspond  to  one  merctuy  for  two  molecules  of  the  nitro-aniline,  those 
obtained  from  w-nitro-aniline  and  its  bromo  substitution  products  do  not.^^ 
This  suggests  the  possibility  that  the  w-nitro-aniline  and  its  derivatives 
yield  addition  compounds,  while  the  o-  and  ^-nitro-anilines  yield  true 
merciuy  salts  of  the  nitronic  acids.  To  test  this  deduction,  the  different 
colored  compounds  of  the  o-,  p-  and  w-nitro-anilines  were  put  into  ex- 
traction thimbles  in  .a  Wiley  extractor.  Since  neither  ether  nor  benzene 
would  wet  the  compounds  satisfactorily,  acetone  was  used  as  the  extract- 
ing solvent.  The  deductions  made  were  wholly  verified  since  the  ace- 
tone completely  extracted  the  w-nitro-aniline  and  p-bromo-w-nitro-ani- 
line  from  their  respective  colored  merciuy  compounds,  leaving  in  the 
thimble  yellow  merciuic  oxide.  The  o-  and  p-nitro-aniline  mercury  salts, 
however,  remained  unchanged.  This  illustrates  that  there  must  also  be 
a  difference  in  the  chemical  formulas  of  these  various  colored  compounds. 
Therefore,  although  the  color  of  the  w-nitro-aniline  compounds  with  mer- 
curic oxide  resembles  that  of  the  oriho  and  para  isomers,  the  facts  advanced 
in  support  of  quinoidation  are  not  thus  invalidated. 

As  fiulher  evidence  of  the  nitronic  acid  structure  for  o-  and  p-nitro- 
anilines,  the  examination  of  the  reactions  of  their  mercurized  products 

"  While  the  colored  derivative  of  m-nitro-aniline  gives  analyses  whidi  correspond 
to  two  molecules  of  m-nitro-aniline  to  one  molecule  of  mercuric  oxide,  the  analysis  of  the 
reaction  product  obtained  from  (^-bromo-m-nitro-aniline  is  more  compatible  with  a 
formula  corresponding  to  two  molecules  of  mercuric  oxide  and  five  of  the  o-bromo- 

NHs 
m-nitro-aniline  (Calc.  for   6  Br/\         .2HgO:     N.  9.  23.     Found:  9.14,  9.30). 
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toward  alkalies  and  alkali  carbonates  is  of  considerable  importance. 
Thus,  when  these  derivatives,  which  are  yellow,  are  treated  with  dil. 
alkali,  red  compounds  are  obtained  whose  analyses  would  correspond 
to  either  of  the  following  structures, 


N— H 


O 
N=0 


VII 


the  derivatives  obtained  from  /^-nitro-aniline  ortho  mercuric  chloride  or 
acetate  and  sodium  carbonate  being  taken  for  illustration. 

However,  if  Formula  VII  were  correct,  one  would  expect  that  the  com- 
pound would  have  undergone  no  color  change.  There  are  a  few  cases 
on  record  where  we  might  suspect  such  an  inner  linkage  between  mercury 
and  nitrogen  as  that  expressed  in  Formula  VII,  but  these  compounds 
do  not  differ  in  color  from  the  compotmd  from  which  they  are  derived.^* 

We  find  thus  that  the  chemical  behavior  of  the  nitro-anilines  suggests 
that  in  solution  the  ortho  and  para  isomers  might  exist  in  the  quinoid  form. 
Of  course,  as  with  other  tautomeric  compounds,  the  solvent  plays  an  im- 
portant rAle  in  determiniag  the  amount  of  each  of  the  tautomers  present. 
For  example,  in  alcoholic  solution,  tautomer  II  is  favored,  as  indicated 
by  the  fact  that  the  o-  and  p-nitro-anilines  react  quite  readily  with  mer- 
ciuic  acetate  to  give  quinone  imide  aci-nitro  salts,  while,  in  water  solu- 
tion, it  is  necessary  to  add  alkali  in  order  to  obtain  the  same  products. 
The  objection  raised  by  Baly  to  the  nitronic  acid  structures  for  the  o- 
and  p-nitro-anilines  may  be  overruled  since  it  is  possible  to  write  the 
structures  of  the  methylated  nitro-anilines  in  the  nitronic  acid  form. 
Thus,  for  p-nitro-dimethylaniline,  we  may  write  Formula  VIII.  A 
structure  of  this  type  is  really  more  in  accord  with  the  chemical  behavior 
than  that  usually  written.  Since  it  is  an  internal  salt,  we  would  not 
expect  it  to  form  salts  with  acids  very  readily.  The  only  way  in  which 
the  authors  have  been  able  to  make  the  hydrochloride  of  this  compound 
was  by  passing  dry  hydrogen  chloride  into  its  solution  in  anhydrous  sol- 
vents. However,  Hantzsch^  has  rejected  the  structure  given  above  for 
p-nitro-dimethylaniline  and  thereby  the  theory  of  quinoidation  in  the 
case  of  the  o-  and  p-nitro-anilines,  on  the  basis  that  these  compounds 
give  absorption  spectra  similar  to  those  obtained  from  the  addition  (?) 
compounds  of  polynitro  benzols  and  aniline  bases  which  cannot  be  formu- 
lated in  that  way.  We  do  not  believe  that  this  objection  invalidates 
1*  This  formula  is  quite  comparable  with  that  given  by  Hantzsch  and  Auld,  Ber., 
39, 1115  (1906),  for  the  ad-anhydrides  of  the  mercurized  nitrophenols. 

^>  Pesd,  Gazs.  chim.  ital.,  22,  I,  373  (1892).    Picdnini  and  Ruspaggiari,  ibid.,  22, 
II.  609  (1892). 
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our  conclusions  as  to  the  structures  of  the  nitro-anilines.    This  matter 
will  be  discussed  in  greater  detail  in  a  subsequent  paper. 

The  mechanism  of  mercurization  of  the  nitro-anilines  is,  as  yet,  not 
definitely  settled.  There  are  at  least  three  possible  ways  in  which  o- 
and  /?-nitro-anilines  might  be  merciuized.  In  the  first  place,  we  might 
have  the  nitro-aniline  molecule  add  on  a  molecule  of  mercuric  acetate  to 
form  the  ammonium  salt  (Formula  IX). 

H, 

■/^.  (       '  *  O         /\_N— Hg— O— C— CH, 


VIII  IX 


^N— Hg—OCCHi 


This  would  then  rearrange,  the  mercury  migrating  to  the  oriho  position. 
In  favor  of  this  supposition,  we  have  the  fact  that  the  quinone-imide 
aci-nitro  merciuy  salts  of  o-  and  /?-nitro-anilines  are  not  mercurized 
when  heated  with  alcohol,  while  the  addition  of  a  little  acetic  acid  effects 
the  merciuization  in  a  very  short  time,  even  in  the  cold. 

The  other  possible  mechanisms  are  the  addition  of  mercimc  acetate, 
in  a  similar  manner  to  the  above,  but  to  the  imido  nitrogen  of  the  mer- 
cury salt  of  the  quinone-imide  aci-nitronic  salt,  (Formula  X).  This 
compound  then  rearranges  in  the  manner  outlined  above.  Finally, 
we  may  also  have  direct  absorption  of  the  mercuric  acetate  by  the  double 
bond  in  the  quinone-imide  aci-nitro  salt.  As  a  guide  in  deciding  the  true 
mechanism  of  the  mercurization  of  the  nitro-anilines,  the  merctuization 
of  mononitro-diphenylamines  will  be  undertaken. 

The  positions  taken  by  the  mercury  in  the  nitro-anilines  is  always 
oriho  or  para  or  ortho-para  to  the  amino  group.  ^*  This  was  established 
by  preparing  the  acetyl  derivatives  of  the  various  merctuized  products, 
and  subsequent  replacement  by  bromine.  The  bromo  derivatives  were 
then  compared  with  the  respective  synthetic  products,  prepared  by  other 
methods,  and  were  found  not  to  depress  their  melting  points. 

1'  It  is  of  considerable  interest,  in  this  connection,  that  in  the  case  of  the  dimercury 
compound  of  m*nitro-aniIine  the  positions  taken  by  the  mercury  are  2,4  (NHial, 
NOf  «3)  and  not  4,6  as  one  might  expect. 
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Experimental  Part^* 

/>-Ouinone-iinide   Aci-nitro   Mercury   Salt    (C«H4(l)NH(4)NOO)i  Hg 

HN=«/^     \=N  =  0  0=N-/^^=NH 

O— Hg  — O 

This  compound  has  already  been  prepared  by  Jackson  and  Peakes.**  However,  the 
following  method  of  preparation  has  been  fotmd  to  be  more  practical  than  the  one  given 
by  the  above  writers. 

To  a  solution  of  4.7  g.  of  />-nitro-aniline  in  60  cc.  of  alcohol  4.6  g.  of  mercuric 
acetate  dissolved  in  8  cc.  of  water  was  added.  Within  the  cotu-se  of  a  few  seconds  a 
maroon  precipitate  was  formed.  This  was  collected  on  a  filter,  washed  well  witii  alcohol 
and  ether  and  dried  in  vacuo  over  sulfuric  add  to  constant  weight.    Yield,  6.5  g. 

Analyses.  Subs.,  0.2462:  25.6  cc.  of  dry  Ni  (23.5*  and  745.4  mm.).  Subs.,  0.2204: 
Hg,  0.0923.  Calc,  for  Ci^ioO^t^iHg:  N,  11.82;  Hg,  42.19.  Found:  N,  11.74;  Hg. 
41.88. 

The  compound  is  almost  insoluble  in  cold  water  and  the  common  organic  solvents. 
However,  when  it  is  boiled  with  water  or  alcohol  the  filtrate  is  foimd  to  give  a  black 
precipitate  when  treated  with  ammonium  sulfide,  indicating  that  the  mercury  has  not 
been  substituted  in  tiie  nucleus.  It  is  decomposed  immediately  by  acetic  add  into 
mercuric  acetate  and  ^nitro-aniline.  When  allowed  to  stand  in  alcohol,  it  remains  for 
months  without  change.  However,  when  a  little  acetic  add  or  mercuric  acetate  is  added 
to  the  alcoholic  suspension  it  is  converted  gradually  in  the  cold,  more  rapidly  in  the  hot, 
to  a  yellow  compound  described  below.     It  decomposes  at  300  **. 

a-Acetoxyinercuri-/>-nitro-aniline,  [CeHs(l)NHj(4)NOi(2)HgOiCiHj.— This  com- 
pound can  be  prepared  by  treating  the  above-mentioned  salt  with  mercuric  acetate  or 
acetic  add.  However,  it  was  obtained  in  better  yield  by  the  following  procedure.  A 
solution  of  9.2  g.  of  merctuic  acetate  in  15  cc.  of  water,  to  which  a  little  acetic  acid  had 
been  added,  was  mixed  with  a  solution  of  4.7  g.  of  />-nitro-aniline  in  60  cc.  of  alcohol  and 
the  mixture  was  boiled  for  one  hour.  After  this  time  the  reaction  was  completed,  as 
indicated  by  the  fact  that  the  filtrate  gave  no  test  for  inorganic  mercury  when  treated 
with  ammonium  sulfide.  The  reaction  mixture  was  filtered  hot.  Upon  cooling,  the 
compound  separated  and  was  collected  on  a  filter.  It  was  recrystallized  from  hot 
alcohol  to  which  a  little  acetic  add  had  been  added.  A  beautiful  yellow  crystalline 
compound  was  thus  obtained.  This  was  washed  with  alcohol  containing  a  few  drops 
of  acetic  add,  and  finally  with  ether.  For  analysis,  the  compound  was  dried  in  vacuo 
to  constant  weight. 

Analysis.  Subs.,  0.2061:  12.80  cc.  of  dry  N2  (20°  and  721.7  mm.).  Calc.  for 
C8H804NiHg:  N,7.08.    Found:  6.89. 

The  compotmd  is  soluble  in  alcohol  to  which  a  few  drops  of  acetic  add  have  been 
added.  Upon  treatment  with  solutions  of  sodium  hydroxide  or  sodium  carbonate,  and 
even  upon  boiling  with  alcohol,  the  compound  changes  into  a  maroon  substance  which 
will  be  described  in  greater  detail  later  in  the  paper.  The  compound  turns  red  when 
heated,  but  does  not  mdt  bdow  300 ''. 

a-Chloromercuri-/>-nitro-aniline,  [C«Hi(l)NHs(4)NOi(2)HgCll.— This  compound 
may  be  obtained  upon  treating  the  alcoholic  solution  of  the  acetate,  described  above, 

^  Julius  Rother,  in  his  Inaugural  Dissertation  (Berlin,  1911)  caUs  attention  to  a 
series  of  color  changes  which  take  place  upon  treating  the  nitro-anilines  in  alcoholic 
solution  with  mercuric  acetate  and  to  the  stability  of  the  various  products  to  ammonium 
sulfide.    Beyond  that,  however,  no  investigation  was  undertaken  by  him. 
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with  an  aqueous  solution  of  sodium  chloride  or  an  alcoholic  solution  of  calcium 
chloride.  The  yield  is  quantitative.  For  analysis,  the  compound  was  dried  in  vacuo 
to  constant  weight  at  100**. 

Analysis.  Subs.,  0.4440:  AgCl,  0.1687.  Calc.  for  C«H»N,0,HgCl :  CI.  9.50. 
Found:  9.37. 

The  compotmd  is  yellow.  It  is  less  soluble  in  alcohol  than  the  acetate.  It  does  not 
melt,  even  when  heated  to  300**.  Like  the  corresponding  acetate,  it  turns  maroon  when 
treated  with  sodium  hydroxide. 

o.o'-Di-acetoxymercuri-/Knitro-aniline,  [C«Hi(l)NHi(4)NOi(2,6)(HgOOCiHi)jl. 
— ^When  an  alcoholic  solution  of  9  g.  of  ^nitro-aniline  was  boiled  with  an  aqueous 
solution  containing  18.4  g.  of  mercuric  acetate,  a  disubstituted  mercury  derivative  was 
obtained.  To  remove  any  of  the  monomercury  compotmd  which  was  formed  the 
product  was  extracted  with  hot  alcohol  containing  a  little  acetic  acid.  It  was  then 
dissolved  in  pyridine  in  order  to  remove  a  small  amount  of  metallic  mercury  which  had 
been  formed  in  the  reaction.  The  compound  was  then  precipitated  from  this  solvent 
by  the  addition  of  acetone.    For  analysis,  it  was  dried  in  vacuo  to  constant  weight. 

Analysis.  Subs.,  0.2568:  10.40  cc.  of  dry  Ni  (22**  and  738.3  mm.).  Calc.  for 
CioHioO«N,Hg,:  N,4.28.    Found:  4.57. 

This  compound  is  orange  colored.  It  does  not  mdt  below  300^.  When  treated 
with  sodium  hydroxide  or  sodium  carbonate  solutions,  and  even  upon  boiling  a  suspen- 
sion of  the  compound  in  alcohol,  it  changes  into  a  red  compound  similar  in  structure 
to  that  described  below. 

S-Hg 
Quinone-(l)-imide  Aci-(4)-nitro-(2)-mercury,      I  \ — When  the    various 


mercury  derivatives  of  />-nitro-aniline  described  above  are  heated  or  when  they  are 
treated  with  dilute  solutions  of  sodium  hydroxide  or  of  soditun  carbonate,  and  also  when 
heated  with  alcohol,  they  are  converted  into  maroon  compounds.  o-Acetoxymercuri- 
^nitro-aniline  furnishes  a  typical  example  of  this  reaction.  This  compound  was  dis- 
solved in  alcohol  containing  a  little  acetic  acid,  and  upon  treatment  with  an  aqueous 
solution  of  sodium  hydroxide,  a  maroon  product  was  obtained  in  quantitative  yield. 
For  analysis,  the  compound  was  washed  with  alcohol  and  ether  and  dried  in  vacuo  to 
constant  weight. 

Analyses.  Subs.,  0.2425:  18.30  cc.  of  dry  N,  (24**  and  728.9  mm.).  Subs.,  0.2305 : 
Hg,  0.1362.     Calc.  for  Cai40iN|Hg:  N,  8.34;  Hg,  59.60.    Found:  N,  8.32;  Hg.  59.09. 

The  compound  is  insoluble  in  all  common  organic  solvents.  When  treated  with 
acetic  or  hydrochloric  adds,  it  turns  yellow  giving  the  acetate  or  chloride,  respectively. 
It  is  stable  to  ammonium  sulfide  in  the  cold.     It  does  not  mdt  even  when  heated  to  300  **. 

0,0'-Mercury-&t5-/Hnitro-aniline,  [(C«Hi(l)NHj(4)N0j)jHgl  .—To  prepare  this  com- 
potmd, 1  g.  of  i>-acetoxymercuri-/>-nitro-aniline  was  moistened  with  alcohol  and  sus- 
pended in  water.  To  this  suspension  an  aqueous  solution  containing  3  g.  of  sodium 
thiosulfate  was  added.  Within  the  course  of  a  few  minutes  the  compound  was  com- 
pletdy  dissolved.  The  solution  was  then  diluted  with  20  cc.  of  water  and  the  whole 
boiled  for  6  minutes.  A  yellow  predpitate  soon  formed.  In  order  to  test  the  complete- 
ness of  the  reaction  a  sample  portion  of  the  suspension  was  treated  with  soditmi  hy- 
droxide solution.  No  color  change  was  observed  at  the  end  of  the  period  stated.  How- 
ever, should  the  color  of  the  suspended  solid  change  from  yellow  to  orange  or  red,  the 
reaction  is  incomplete  and  the  solution  should  be  boiled  tmtil  no  such  test  is  obtained. 
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The  compound  was  then  extracted  a  few  times  with  alcohol.  Yield,  86 %.  For  analysis 
the  product  was  dried  to  constant  weight  in  vacuo. 

Analyses,  Subs.,  0.2798, 0.2055 :  28.54  cc.  of  dry  N.  (23  ^  and  741 .4  mm.),  20.80  cc. 
(23.5*  and  746.5  mm.).     Calc.  for   CiiH,t04N«Hg-.N,  11.76.    Found:   11.62,    11.45. 

The  compound  is  greenish-yellow.  It  is  insoluble  in  all  common  organic  solvents. 
With  sodium  hydroxide  it  gives  no  color  reaction,  in  distinction  to  unbridged  com- 
pounds. 

o-Acetozymercuxi-acetyl-^iiitro-anaUne.  [C«Hs(l)NH(COCH«)  (4)NOs(2)HgO.- 
OCsHa]. — To  prepare  this  compound  4  g.  of  o-acetoxymercuri-^nitro-aniline  was  boiled 
under  a  reflux  condenser  with  10  cc.  of  acetic  anhydride  and  30  cc.  of  ethyl  acetate. 
After  a  short  time  the  .solid  was  completely  dissolved.  The  solution  was  then  filtered 
hot,  and  upon  cooling  a  white  crystalline  product  separated.  This  was  collected  on  a 
filter  and  washed  with  alcohol.  Yield,  50%.  For  analysis,  the  compound  was  dried 
in  vacuo  at  100**  to  constant  weight. 

Analysis.  Subs.,  0.2071:  12.10  cc.  of  dry  Nj  (21.5^  and  731.8  mm.).  Calc.  for 
C,oH,oO»N,Hg:  N,  6.40.     Found:  6.53. 

The  compound  is  white  and  crystalline.  It  is  soluble  in  ethyl  acetate.  With 
sodium  hydroxide  it  gives  no  color  change. 

Determination  of  the  Position  of  the  Mercury  in  the  Mercurized  ^Nitro-aniUne 
The  position  of  the  mercury  in  the  mono-mercury-substituted  ^nitro-aniline  was 
determined  in  the  following  manner.  One  mol  of  o-acetoxymercuri-acetyl-^nitro- 
aniline  was  treated  with  1  mol  of  potassium  perbromide  solution  and  the  whole  shaken 
until  the  color  of  the  bromine  had  disappeared.  The  solid  product  of  the  reaction 
was  collected  on  a  filter  and  washed  with  water.  It  was  then  extracted  with  ether, 
the  ethereal  extract  was  evaporated  to  dryness,  and  the  residue  was  recrystallized 
from  hot  water;  m.  p.  130*^.  When  mixed  with  ^nitro-o-bromo-acetanilide  prepared 
by  synthetic  methods,  the  melting  point  was  not  lowered.  The  position  of  the 
mercury  is  thus  established  as  ortho  to  the  amino  group. 

To  determine  the  position  of  the  mercury  in  the  dimercury-substituted  ^nitro- 
aniline  the  compound  was  first  acetylated,  in  ethyl  acetate  suspension  with  acetic 
anhydride.  The  reaction  was  considered  complete  when  the  whole  became  almost 
white.  ^^  The  acetylated  compound  thus  obtained  was  treated  with  two  mols  of  potas- 
sium perbromide  in  a  manner  similar  to  that  used  for  the  monomerctuy  substi- 
tuted derivative.  A  product  was  obtained  which  melted  at  225-227^.  When  mixed 
with  4-nitro-2,6-dibromo-acetanilide  the  melting  point  was  not  lowered.  The  position 
of  the  mercury  is  thus  established  as  being  in  the  2,6  positions  (NHi » 1). 

Qiiinone-(l)-imide    Aci-(2)-]iitro      Mercury    Salt,''    [(C«H4(l)NH(2)NO  0)tHg] 

/  \==N— OHg—O— N  =  (^ 
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This  compound  was  prepared  from  o-nitro-aniline  by  the  same  procedure  as  that  used 
for  the  preparation  of  the  corresponding  ^nitro-aniline  compound.  The  precipitation, 
however,  was  much  slower  than  in  the  case  of  the  latter  compound.  For  analysis,  the 
compound  was  washed  with  alcohol  and  ether,  and  dried  in  vacuo  to  constant  weight. 

'*  The  compound  thus  obtained  was  insoluble  in  the  common  organic  solvents  and, 
owing  tq  the  presence  of  an  appreciable  quantity  of  metallic  mercury  formed  in  the 
course  of  the  acetylation,  was  not  analyzed. 

'^  This  compound  has  been  prepared  previously  by  Jackaon  and  Peakes'^  using 
nascent  mercuric  oxide. 
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Analysis.  Subs.,  0.4769:  50.20  cc.  of  dry  Ns  (20 *  and  739.6  mm.).  Calc.  for 
CiiHi604Naig:  N,  11.82.    Found:   11.94. 

The  compound  is  scarlet-red.  With  ammonium  sulfide  it  skives  in  the  cold  an 
immediate  precipitate  of  mercuric  sulfide.  When  allowed  to  stand  suspended  in  alcohol 
it  undergoes  no  change  even  after  several  months.  However,  when  acetic  acid  or  mer- 
curic acetate  is  added  it  changes  gradually  in  the  cold,  more  rapidly  in  the  hot,  into  the 
yellow  compound  described  below. 

^Acetoxymercuri-<>-nitn)-anilinejC!fl«(l)NHi(2)NOj(4)HgO-OC«HiJ.--This  com- 
pound was  prepared  from  o-nitro-aniline  and  mercuric  acetate  in  the  same  manner 
as  was  the  corresponding  />-nitro-aniline  derivative.  The  compound  was  recrystallized 
from  alcohol,  to  which  a  little  acetic  acid  had  been  added.  For  analysis,  it  was  dried 
in  vacuo  to  constant  weight. 

Analysis.  Subs.,  0.1657:  10.60  cc.  of  dry  Nj  (24®  and  733.2  mm.).  Calc.  for 
C«H804N,Hg:  N,  7.09.    Found:  7.10. 

This  is  a  yellow  crystalline  compound,  soluble  in  alcohol  containing  a  little  acetic 
acid.  The  compound  is  stable  to  ammonium  sulfide.  When  treated  with  a  dilute  solu- 
tion of  sodium  hydroxide  or  sodium  carbonate  and  upon  boiling  witii  alcohol  the 
compotmd  turns  red.  The  preparation  thus  obtained  will  be  described  in  greater  detail 
later  in  the  paper.  The  compound  does  not  melt,  even  when  heated  to  300  *".  However, 
upon  heating  it  turns  red. 

/>-Chloromercuri-o-nitro-aniline,  IC«Hi(l)NHj(2)N02(4)HgCl].— This  compound 
was  prepared  from  />-acetoxymercuri-o-nitro-aniline  in  the  same  manner  as  the  chloride 
of  the  merctuized  ^-nitro-aniline.  For  analysis,  this  compound  was  dried  at  100** 
in  vacuo  to  constant  weight. 

Analyses.  Subs.,  0.2183 :  13.92  cc.  of  dry  Nt  (18°  and  748.3  mm.) .  Subs.,  0.2985 : 
AgQ,  0.1131.    Calc.  for  C^»N,0,HgCl :  N,  7.62;  CI,  9.50.    Found:  N.  7.37;  CI,  9.37. 

The  compound  is  orange  colored.  When  treated  with  a  dilute  solution  of  sodium 
hydroxide  or  sodium  carbonate,  an  intensely  red  compound  is  formed.  It  has  no  melt- 
ing point. 


Quinone-(l)-imideAci-(2)-nitro-(4)-mercuryi  ||       |        i  — When  the  vari- 

^^Hg-O 

ous  mercury  derivatives  of  o-nitro-aniline  are  heated  dry  or  treated  with  a  dilute  solution 
of  sodium  hydroxide,  or  even  upon  boiling  with  alcohol,  an  intensely  red  compound  is 
obtained,  in  quantitative  pdd.  As  an  illustration  of  this  reaction,  the  behavior  of 
/>-acetoxymercuri-^nitro-aniline  may  be  taken.  When  it  is  dissolved  in  alcohol  con- 
taining a  little  acetic  acid  and  treated  with  a  dilute  solution  of  sodimn  hydroxide 
a  red  precipitate  separated  immediatelv.  The  compound  was  collected  on  a  filter  and 
washed  with  a  little  alcohol  and  ether.  For  analysis,  the  compound  was  dried  in  vacuo 
to  constant  weight. 

Analyses.  Subs.,  0.2111 :  14.96  cc.  of  dry  Ni  (23**  and  743.8  mm.).  Subs.,  0.1886: 
Hg, 0.1134.     Calc.  for C«H40sN,Hg:  N,  8.31; Hg,  69.60.    Found:  N, 8.06; Hg.  60.11. 

The  compound  is  a  brilliant  red.  It  is  insoluble  in  the  common  organic  solvents. 
With  ammonium  sulfide  it  gives  no  test  for  inorganic  mercury.  When  treated  with 
acetic  add,  it  is  converted  into  the  yellow  acetate  derivative. 

/KAcetozymercuri-diacetyl-o-nitro-aniline,     [C«Ht(l)N(CO'CHi)s(2)NOi(4)HgO- 
OCsHs]. — ^This  compound  was  prepared  from  />-acetoxymercuri-o-nitro-aniline,  using  the 
same  procedure  as  that  already  used  for  the  preparation  of  the  corresponding  ^nitro- 
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aniline  derivative.  The  reaction  in  this  case  was  found  to  take  place  much  more 
slowly.    For  analysis  the  compound  was  dried  in  vacua  to  constant  weight. 

Analysis.  Subs.,  0.2654:  13.8  cc.  of  dry  Ns  (22'' and  737.0  mm.).  Calc.  for  CisHu- 
OtNiHg:  N,  6.84.    Found:  6.87. 

The  compound  is  of  a  straw-yellow  color.  It  is  soluble  in  sodium  hydroxide  solution 
imparting  to  the  solution  a  yellow  coloration.     M.  p.  194**  with  decomposition. 

^Acetozymercuri-acetyl-o-nitro-aniline,  [C«Hi(l)N  H  CO -CHi) (2)NQi(4)HgO- 
OC«Ha]. — ^To  prepare  this  compound,  a  water  suspension  of  ^-acetoxymercuri- 
diacetyl-o-nitro-aniline  was  treated  with  a  dilute  solution  of  sodium  hydroxide.  The 
compound  dissolved,  giving  the  solution  a  yellow  color.  The  solution  was  then  filtered 
immediately  into  dil.  acetic  acid.  A  yellow  crystalline  precipitate  formed  immediately. 
This  was  collected  on  a  filter  and  washed  with  water  and  alcohol.  For  analysis  the 
compound  was  dried  in  vacuo  over  sulfuric  add  to  constant  weight. 

Analysis.  Subs..  0.2835:  16.42  cc.  of  dry  Ni  (20*  and  737.2  mm.).  Calc.  for 
CioHioOJSTjHg:  N,  6.40.    Found:  6.56. 

The  compound  is  yellow  and  crystalline.  It  dissolves  in  sodimn  hydroxide,  forming 
a  yellow  solution.  After  a  short  time  this  solution  yields  a  red  precipitate,  further 
de-acetylation  having  taken  place.     It  melts  with  decompositon  at  IM®. 

Determination  of  the  Position  of  the  Mercury  in  the  Mercorized  o-Nitro-«niltne  De- 
rivative 
To  determine  the  position  of  the  mercury  in  the  mercury  derivative,  the  diaoetyl 
compound  was  treated  with  potassium  perbromide  in  the  same  manner  as  already  de- 
scribed for  the  corresponding  para  compound.  A  lemon  colored  compound  was  obtained 
which,  when  recrystallized  from  water,  melts  at  104**.  When  mixed  with  some  known 
o-nitro-^-bromo-acetanilide  the  melting  point  was  not  lowered.  The  mercury  is  shown 
thus  to  be  in  the  position  para  with  respect  to  the  amino  group. 

N-^a-Merairi&4icetate-m-nitrophenylammoniQm  Acetate, 
H,  O 

/\ — ^W^— Hg — OC — CHi.— To 'prepare  this  compound,  1.1  g.  of  m-nitro-aniline  dis- 
O— C— CH, 

J   'i 

NOs 
solved  in  14  cc.  of  alcohol  was  added  to  a  solution  of  1.8  g.  of  mercuric  acetate  in  8  cc. 
of  water.  The  solution  soon  acqtiired  a  dark  color  and  considerable  heat  was 
evolved.  After  standing  for  4  minutes  a  yellow  solid  separated  and  in  a  short  time 
the  entire  mass  became  semi-solid.  The  compound  was  collected  in  a  filter  and 
washed  weU  with  acetone.  For  analysis  it  was  dried  in  vacuo  over  sulfuric  acid  lo 
constant  weight. 

•Analyses.  Subs.,  0.2771,  0.3007:  14.00  cc.  dry  Ni  (21*  and  738.8  mm.),  15.40  cc. 
(25*  and  717.0  mm.).    Calc.  for  CaHijCNOIg:  N,6.12.    Found:  5.70;  5.43. 

The  compound  is  slightly  jrellow.  When  treated  with  alcohol  or  water  it  decom- 
poses to  give  a  red  substance.  The  filtrate  when  treated  with  ammonium  sulfide  gives  a 
test  for  inorganic  mercury. 

w-Nitro.anilhie-/Kmercuric  Acetate,  ICaii(l)NH,(3)NO,(4)HgO  OCH,!.— Topre- 
pare'this  compound,  9.6  g.  of  mercuric  acetate  dissolved  in  40  cc.  of  water  was  added  to  a 
section  of  4.2  g.  of  m-nitro-aniline  in  60  cc.  of  alcohol.  The  solution  soon  changed  into 
ft  pasty  mass.    Upon  heating  on  the  water-bath  for  3  hours  it  gave  no  immediate  test  for 
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inors^c  mercury  with  ammonium  sulfide.  The  hot  solution  was  then  filtered  and  the 
solid  residue  extracted  repeatedly  with  alcohol  which  contained  a  little  acetic  add. 
A  dark  red  residue  remained  which  melted  at  225**.  This  residue,  which  is  the  di- 
mercury-substitution  product,  will  be  described  in  more  detail  later  in  the  paper.  The 
first  alcoholic  extract  was  evaporated  to  dryness  and  the  residue  recrystallized  from 
alcohol  which  contained  a  little  acetic  acid.  For  anal3rsis  the  compound  was  dried 
in  vacuo  to  constant  weight. 

Analysis.  Subs.,  0.1094:  7.00  cc.  of  dry  Ni  (19*  and  731.4  mm.).  Calc.  for 
C«Hg04NiHg:  N,  7.09.     Found:  7.20. 

The  compound  is  yellow:  m.  p.  183°.  A  darkening  of  color  is  observed  when  it  is 
treated  with  sodium  hydroxide. 

o-/»-Diacetoxymercuri-m-mtro-aniline,  [C»H,(l)NH2(3)NOj(4,2)(HgO  OC«H,)t].— 
This  compound  was  prepared  by  boiling  an  alcoholic  solution  of  4.2  g.  of  m-nitro-aniline 
with  19.4  g.  of  mercuric  acetate  dissolved  in  water,  until  the  solution  gave  no  further  test 
for  inorganic  mercury  with  ammonium  sulfide.  The  precipitated  compound  was  extracted 
repeatedly  in  order  to  remove  any  monomercury  substituted  derivative  which  might 
have  been  present.    For  analysis  the  compound  was  dried  tn  vacuo  to  constant  weight. 

Analyses.  Subs.,  0.6292:  25.36  cc.  of  dry  Ns  (24°  and  733.5  mm.).  Subs.,  0.2520; 
Hg,  0.1631.     Calc.  for  CioHioOiN,Hg,:  N,  4.28;  Hg.  61.17.     Found :  N,  4.47;  Hg,  60.76. 

The  compound  is  red ;  m.  p.  225  °.     It  is  insoluble  in  the  common  organic  solvents. 

^Acetoxymcrcuri-acetyl^-nitro-aniline,  [C«H,(1)NH  (COCHi)(3)NOj(4)HgO - 
OCsHi]. — This  compound  was  prepared  from  ^-acetoxymercuri-m-nitro-aniline  in  the 
same  manner  as  that  described  for  the  /^-nitro-aniline  derivative  above.  For  analysis 
it  was  dried  in  vacuo  over  sulfuric  acid  to  constant  weight. 

Analysis.  Subs.,  0.2522:  14.24  cc.  of  dry  N,  (18°  and  739.5  mm.).  Calc.  for 
CioHioO^NtHg:  N,  6.40.    Found:  6.45. 

This  compound  is  white.     It  melts  with  decomposition  at  230°. 

Determination  of  the  Position  of  the  Mercury  in  the  Mercurized  ^//-Nitro-aniline 
The  method  of  procedure  used  in  determining  the  position  of  the  m-nitro-aniline 
derivatives  was  similar  to  that  used  for  the  para  compound.  The  compound  obtained 
when  recrystallized  from  water  melted  at  135-139°.  When  mixed  with  some  known 
/>-bromo-m-nitro-acetanilide  the  melting  point  was  not  lowered.  The  position  of  the 
mercury  is  thus  shown  to  be  para  to  the  amino  group. 

To  determine  the  position  of  the  mercury  in  the  dimercury-substituted  m-nitro- 
aniline,  the  latter  compound  was  suspended  in  ethyl  acetate  and  boiled  under  a  reflux 
condenser  witii  acetic  anhydride  until  the  whole  became  white."  The  acetyl  derivative 
thus  prepared  was  treated  with  2  mols  of  potassium  perbromide,  in  the  manner  previously 
described.  The  product  obtained  was  then  filtered,  dried  and  extracted  with  ether. 
The  ethereal  extract  was  evaporated  to  dryness,  leaving  a  residue  of  melting  point 
141-146 °.  Upon  recrystallization  from  50%  alcohol  it  melted  at  1 50 °.  When  mixed  with 
known  2,4-dibromo-3-nitro-acetanilide  the  melting  point  was  not  lowered.  The  com- 
pound was  then  de-acetylated  with  cone,  sulfuric  acid  at  120°.  Upon  dilution  of  this 
reaction  mixture  with  water,  a  yellow  product  melting  at  84-87°  was  obtained.  Upon 
recrystallization  from  50%  alcohol,  a  product  melting  at  89°  was  obtained.  When 
mixed  with  known  2,4-dibromo-3-nitro-aniline,  the  melting  point  was  not  lowered. 
This  identifies  the  position  of  the  mercury  as  being  2,4  with  respect  to  the  amino  group 
(NO,=3). 

^*  In  the  course  of  the  reaction,  an  appreciable  amount  of  metallic  mercury  was 
formed.  Since  the  compound  thus  obtained  is  insoluble  in  the  common  organic  solvents, 
it  could  not  be  purified*  and  therefore  was  not  analyzed. 
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Summary 

1.  The  nitronic  acid  structure  for  the  nitro-anilines  is  discussed. 
Evidence  is  given  that  is  compatible  with  the  assumption  that,  in  alcohoHc 
solution,  the  o-  and  />-nitro-anilines  exist  in  two  or  more  tautomeric  forms. 
The  fundamental  difference  between  the  mercury  salts  of  the  o-  and  p- 
nitro-amlines  and  that  formed  by  the  meta  compound  is  pointed  out. 

2.  The  mercurization  of  the  nitro-anilines  is  discussed. 

3.  The  positions  taken  by  the  entering  mercury  in  the  nitro-anilines 
has  been  established  as  oriho  or  para,  or  ortho-para,  to  the  amino  group. 

4.  The  preparation  of  the  following  compounds  is  described:  p- 
quinone-imide-aci-nitro  mercury  salt,  o-acetoxymercuri-/?-nitro-aniline, 
£7-chloromercuri-/>-nitro-aniline,  (?-,(?'-di-acetoxymercuri-/>-nitro-aniline,  qui- 
none-(l)-imide-aci-(4)nitro-(2)-mercury,  (7,(7'-merciuy-W5-p-nitro-amline, 
o-acetoxymercuri  -  acetyl  -  /^-nitro  -  aniline,  quinone-(l)  -  imide  -  ad  -  (2)-ni- 
tromerciuy  salt,  /?-acetoxymercuri-o-nitro- aniline,  /?-chloro-mercuri-o-ni- 
tro-aniline,  quinone-(l)-imide-aci-(2)nitro-(4)-merciuy,  /?-acetoxymercuri- 
di-acetyl-{?-nitro-aniline,  p-acetoxymercuri-acetyl-o-nitro-aniline,  N-ts{?- 
mer-curic  acetate  m-nitrophenylammonium  acetate,/?-acetoxymercuri-f«- 
nitro-aniline,  o,  /^-diacetoxymercuri  -  m  -  nitro-aniline,  /?-acetoxymercuri- 
acetyl-w-nitro-aniline, 

Chicago,  Illinois 

[Contribution  prom  the  Chbmical  Laboratory  of  thb  Univbrsity  of  Illinois] 

ALIPHATIC  ARSONIC  AND  ARSINIC  ACIDS,  AND  ALIPHATIC- 
AROMATIC  ARSINIC  ACIDS' 

By  a.  J.  Quick  with  Rogsr  Adams 

Received  December  26,  1921 

The  extensive  development  of  aromatic  arsenicals  as  compared  with  those 
of  the  aliphatic  series  is  in  part  explained  by  the  fact  that  the  most  active 
and  most  effective  trypanocidal  drugs  belong  to  the  aromatic  series. 
Another  cause  for  the  unbalanced  development  is  found  in  the  ease  and 
convenience  with  which  aromatic  arsenicals  can  be  synthesized.  The 
methods  of  preparation  for  the  arsenic  compounds  belonging  to  the  ali- 
phatic series  are  very  numerous,*  but  they  are  quite  unsatisfactory. 

The  arsonic  (RAsQjHj)  and,  to  a  less  extent,  the  arsinic  adds  (RjAsOjH) 
are  substances  from  which  many  different  types  of  compounds  may  be 
made,  so  that  the  lack  of  a  satisfactory  method  of  preparation  of  these  has 
limited  development  in  this  field.  The  object  of  this  research  was  to  find 
an  easy  method  for  preparing  these  compounds  and  to  apply  such  a  method 

'  This  communication  is  an  abstract  of  a  thesis  submitted  by  A.  J.  Quick  in  partial 
fulfilment  of  the  requirements  for  the  degree  of  Doctor  of  Philosophy  in  Chemistry  at 
the  University  of  Illinois. 

*  See  This  Journal,  28, 347  (1906)  for  a  list  of  the  known  methods. 
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to  the  preparation  of  certain  aliphatic-aromatic  adds  which  might  have 
therapeutic  value. 

Of  all  methods  available  for  preparing  primary  and  secondary  arsenic 
compounds,  only  one,  namely  the  Meyer  reaction,  has  any  great  importance. 
This  consists  in  the  treatment  of  sodium  arsenite  with  an  alkyl  halide  to 
give  an  arsonic  add,  or  the  treatment  of  a  soditun  alkyl  arsenite  with  an 
alkyl  halide  to  give  an  arsinic  add.' 

The  reaction  was  first  studied  by  G.  Meyer*  in  1883.  Klinger  and 
Kreutz^  reinvestigated  the  reaction  and  developed  it  into  a  practical  method 
for  the  preparation  of  sodium  methyl  arsonate.  Auger*  showed  its  appli- 
cation to  the  formation  of  dimethyl  arsinic  add.  Dehn^  applied  the 
method  to  the  general  S3mthesis  of  arsonic  adds  and  obtained  the  salts  of 
a  number  of  the  higher  homologs  in  this  way.  It  was  necessary  to  use  a 
rather  uncertain  and  tedious  procedure,  however,  for  getting  rid  of  the 
impurities  and  for  the  isolation  of  the  product.  Valeur  and  Ddaby^ 
reinvestigated  the  action  of  ethyl  iodide  on  potassium  arsenite,  but  added 
little  to  what  was  previously  known  so  far  as  the  isolation  of  the  product 
was  concerned. 

The  possibilities  of  the  Meyer  reaction  were  recognized  to  some  extent 
in  the  preparation  of  toxic  gases  during  the  recent  war.  Ethyl  dichloro- 
arsine,  which  was  used  by  Germany,  was  prepared  by  the  action  of  ethyl 
chloride  on  soditun  arsenite  under  pressm-e,"  then  subsequent  reduction 
and  treatment  with  hydrochloric  acid.  In  this  country  methyl  dichloro- 
arsine  was  prepared  by  the  action  of  dimethyl  sulfate  on  soditun  arsenite,  ^^ 
then  subsequent  reduction  and  treatment  with  hydrochloric  add.  More 
recently  methyl  di-iodo-arsine^^  has  been  made  in  an  analogous  manner 
except  that  methyl  iodide  was  used  in  place  of  dimethyl  sulfate.  In  none 
of  these  cases,  however,  was  the  arsonic  add  isolated. 

The  greatest  disadvantage  at  present  in  the  Meyer  method  for  making 
arsonic  adds  lies  in  the  difficulty  with  which  the  products  are  isolated. 
The  method,  as  it  has  been  used,  consists  in  the  treatment  of  an  aqueous 
alcoholic  solution  of  sodium  arsenite  with  an  alkyl  iodide  until  titration 

*  It  is  probable  that  the  alkyl  halide  reacts  with  the  tautomeric  forms  of  the  soditmi 
arsenite  or  sodimn  alkyl  arsonite  in  each  instance  (NajOjAsNa  and  RNaOiAsNa) 
thus  producing  compounds  with  the  alkyl  radical  attached  to  arsenic. 

NaiAsO,  -f  RI  ►  RAsCNa.  -f  Nal 

RAsOjNa2  -f  RI  — ^  RjAsOaNa  -f-  Nal 

•  Meyer,  Ber.,  16,  1440  (1883). 

»  Klmger  and  Kreutz,  Ann,,  249,  147  (1903). 

»  Auger,  Compt.  rend.,  137, 926  (1903). 

T  Dehn,  Am.  Chem.  J.,  35,  48  (1906);  This  Journai.,  28,  357  (1906). 

» Valeur  and  Delaby,  Bidl.  soc.  chim.,  27, 370  (1920). 

»  /.  Ind.  Eng.  Chem.,  11, 817  (1919). 

w/Wd..  11,106  (1919). 

»»  /.  Chetn.  Soc,  119, 426  (1921). 
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shows  that  most  of  the  arsenite  has  reacted.  When  methyl  iodide  has 
been  used  the  reaction  mixture  is  merely  allowed  to  cool  and  the  sodium 
methylarsonate  being  insoluble  in  dilute  alcohol,  precipitates  in  practically 
pure  state.  The  isolation  of  the  higher  homologs,  however,  is  not  so  simple 
since  the  sodium  salts  are  soluble  in  the  dilute  alcohol.  In  these  latter 
cases,  the  method  that  has  been  employed  is  to  distil  the  alcohol  and  any 
ether  that  is  formed  in  the  reaction,  to  acidify  to  incipient  precipitation, 
then  to  oxidize  the  excess  of  sodium  arsenite  to  sodium  arsenate  by  means 
of  chlorine  and  at  the  same  time  to  precipitate  free  iodine,  to  filter  the 
iodine,  to  precipitate  the  sodium  arsenate  in  the  cold  with  magnesia 
mixtiu^,  to  filter  this  and  finally  precipitate  the  magnesium  salt  of  the  ar- 
sonic  acid  by  boiling  with  an  excess  of  magnesia  mixture.  The  difficulties 
that  must  arise  in  obtaining  a  product  in  this  way,  especially  one  that  is 
pure,  can  readily  be  seen.  Moreover,  Valeur  and  Delaby  found  that  in 
the  presence  of  aqueous  alcoholic  sodium  arsenite,  over  50%  of  the  ethyl 
iodide  is  converted  to  ether,  thus  necessitating  a  large  excess  of  the  alkyl 
halide.  The  ether  formation  undoubtedly  occurs  in  the  preparation  of 
arsonic  adds  of  higher  molecular  weight. 

In  order  to  make  the  Meyer  reaction  applicable  for  wider  synthetic 
work  the  objectionable  features  pointed  out  were  eliminated.  Alkyl 
bromides  or  chlorides  were  used  instead  of  the  iodides  so  that  the  free 
arsonic  adds  might  be  isolated  directly  by  addification;  this  is  not  possible 
when  an  iodide  is  used,  since  the  liberated  hydriodic  add  formed  im- 
mediatdy  reduces  the  arsonic  add.  The  use  of  dilute  alcohol  as  a  solvent 
was  given  up  and  water  alone  was  used,  thus  eliminating  to  a  great  extent 
the  formation  of  ether.  Heating  and  stirring  were  employed  to  hasten 
the  reaction.  The  speed  of  the  reaction  was  determined  by  titrating  from 
time  to  time  1  or  2  cc.  of  the  reaction  mixture  with  standard  iodine  in  order 
to  show  the  amount  of  sodium  arsenite  unchanged.  The  isolation  of  the 
arsonic  add  is  then  simple  since  it  is  merely  necessary  to  concentrate  the 
solution,  filter  off  the  sodium  halide  and  addify.  The  arsonic  add  is 
predpitated  in  such  form  that,  after  one  crystaUization  from  alcohol  or 
water,  it  is  perfectly  pure.  With  the  higher,  less  soluble  homologs  the 
method  is  even  simpler  in  that  the  arsonic  add  may  be  predpitated  directly 
without  concentration  from  the  reaction  mixture,  by  means  of  hydro- 
chloric add. 

There  is  no  general  method  for  the  preparation  of  aliphatic  arsinic  acids. 
Sodium  dimethyl  arsinate  is  made  commerdally  by  the  Cadet  cacodyl 
reaction,  but  this  reaction  is  Umited  to  this  substance  and  at  best  is  beset 
with  experimental  difficulties.  The  condensation  of  an  alkyl  halide  with 
arsenious  chloride  by  means  of  sodium  to  produce  dialkyl  chloro-arsines 
which  can  be  converted  to  the  corresponding  arsinic  acids  by  bromination 
or  chlorination  and  then  hydrolysis,  has  been  used  as  often  as  any  other  re- 
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action  for  making  aliphatic  arsinic  adds.  The  method  is  unsatisfactory, 
however,  owing  to  the  fact  that  the  pure  dialkyl  chloro-arsines  are  difficult 
to  obtain  and  the  conversion  to  arsonic  add  does  not  give  large  3delds. 
The  Meyer  reaction  gives  very  good  results.  The  arsonic  add  made  by  the 
Meyer  method  is  readily  reduced  with  sulfur  dioxide  in  the  presence  of 
hydrochloric  add  to  give  good  3ridds  of  the  alkyl  dichloro-arsine.  This 
latter  product  is  separated,  then  dissolved  in  4  moles  of  sodium  hydroxide 
and  treated  with  an  alkyl  halide  under  the  same  conditions  used  in  the 
preparation  of  arsonic  adds.  The  reactions  take  place  rapidly,  only  4 
hours  or  less  being  required  in  order  to  prepare  any  of  the  arsinic  adds 
studied.  The  isolation  of  some  of  the  arsinic  adds,  however,  is  a  little 
more  difficult  than  the  isolation  of  the  arsonic  adds,  on  account  of  the  great 
solubility  in  water  of  the  lower  homologs.  It  is  necessary  to  neutralize  the 
solution,  then  to  concentrate  and  filter  out  the  inorganic  salts,  and  finally 
to  addify  in  order  to  predpitate  the  arsinic  add.  If  a  salt  of  the  arsinic 
add  is  desired,  the  copper  dialkyl  arsinates  are  readily  predpitated  from  a 
neutral  solution  by  means  of  copper  sulfate. 

In  studying  the  action  of  various  alkyl  bromides  or  chlorides  on  sodium 
arsenite  or  sodium  alkyl  arsenites,  the  activity  of  the  halogen  in  the  alkyl 
halide  and  the  solubility  of  the  alkyl  halide  are  very  important  factors  in 
determining  the  speed  of  reaction.  Benzyl  chloride,  allyl  bromide  and  ethyl- 
ene chlorohydrin  react  very  rapidly,  whereas  ethyl  bromide  or  more  partic- 
ularly isapropyi  bromide  react  slowly.  The  three  halides  just  mentioned 
which  react  rapidly,  give  practically  a  complete  conversion  in  Vs  to  Vio  the 
time  necessary  with  the  simple  alkyl  halides.  It  is  noticeable  that  with  a 
series  of  alkyl  halides  the  speed  of  reaction  diminishes  as  the  molecular 
wdght  of  the  alkyl  halide  is  increased.  Aryl  halides  cannot  be  used  in  this 
reaction.  It  was  found  also  that  phenoxy  alkyl  bromides  or  ethylene  dibrom- 
ide  do  not  react  with  sodium  arsenite  under  the  conditions  used. 

The  investigation  on  the  arsinic  and  arsonic  adds  which  has  just  been 
described  was  undertaken  in  connection  with  other  researches,  carried  out 
with  funds  furnished  by  the  Interdepartmental  Sodal  Hygiene  Board, 
which  had  as  their  object  the  discovery  of  arsenic  compounds  of  low 
toxidty  and  high  trypanoddal  action.  All  such  active  substances  which 
have  so  far  been  discovered  contain  nitrogen.  Moreover,  this  nitrogen  has 
been  in  the  form  of  ah  amino  or  substituted  amino  group  in  a  benzene  ring 
which  holds  the  arsenic  either  in  the  form  of  an  arsonic  add  group  or  arseno 
group.  A  number  of  new  arsenic  compounds  belonging  to  the  dass  of 
aromatic-aliphatic  arsinic  adds  have  been  prepared  in  some  of  which  the 
nitrogen  is  substituted  in  the  aUphatic  group  which  is  attached  to  the  ar- 
senic, and  in  others  of  which  the  nitrogen  is  both  in  the  benzene  ring  holding 
the  arsenic  as  well  as  in  the  aliphatic  group.  These  substances  may  be 
represented  by  the  compound  formed  between  sodium  phenyl  arsenite  and 
chloro-acetanilide. 
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CftHsAsOjNaa  +  C1CH,C0NHR  -^  C«HsAs(02Na)CH,C0NHR  +  NaCl. 
Compounds  of  this  general  structure  are  extremely  easily  produced  by 
using  practically  the  same  conditions  which  are  described  for  the  prepara- 
tion of  the  dialkyl  arsinic  adds.  Because  of  the  slight  solubility  in  water 
of  the  reaction  products,  they  are  very  readily  isolated  as  the  free  adds. 
The  reactions  in  practically  every  instance  take  place  within  a  very  few 
hours,  and  the  3rields  are  very  nearly  quantitative.  The  preliminary 
pharmacological  results"  show  that  these  substances  have  a  low  toxidty, 
the  lethal  dose  for  rabbits  varying  from  250  to  over  600  mg.  per  kg.  of 
body  wdght.  At  the  same  time,  however,  the  trypanoddal  action  is  nil  in 
some  of  the  compounds,  or  low  in  most  of  the  compounds,  even  though 
administered  in  relativdy  large  amounts. 

The  reactions  between  sodium  phenyl  arsenite  and  various  halogen 
compounds  run  just  as  smoothly  as  the  sodium  alkyl  arsenites  and  much 
more  readily  than  with  the  sodium  arsenite.  Whereas  the  phenoxyalkyl 
halides  or  ethylene  dibromide  do  not  react  with  sodium  arsenite,  they  do 
react  with  the  sodium  alkyl  or  aryl  arsenites  to  give  the  expected  con- 
densation products.  The  simple  alkyl  halides  peculiarly,  when  condensed 
with  sodium  phenyl  arsenite,  give  oily  reaction  products,  although  these 
substances  when  pure  are  crystalline  solids.^'  A  number  of  other  con- 
densations that  were  attempted  3rielded  oily  products  and  a  method  has  not 
yet  been  devdoped  by  which  these  oils  may  be  obtained  as  crystalline 
solids. 

Experimental 
Synthesis  of  Arsonic  Adds 

General  Procedure.^* — One  mole  of  arsenious  oxide  is  dissolved  in 
suffident  10  N  sodium  hydroxide  solution  to  produce  tri-sodium  arsenite. 
This  is  placed  in  a  round-bottom  flask  fitted  with  an  efSdent  mechanical 
stirrer  and  a  reflux  condenser.  Slightly  more  than  a  mole  of  alkyl  halide 
is  added  and  the  mixture  stirred  and  refluxed  until  a  cubic  centimeter 
withdrawn  from  the  reaction  mixtiu^  and  titrated  with  standard  iodine 
shows  that  most  of  the  sodium  arsenite  (80  to  90%)  has  reacted.  The 
method  of  isolation  is  slightly  different  in  each  case  and  will  be  described 
under  the  individual  compounds.  In  every  case  addification  with  hydro- 
chloric add  is  involved.  Excess  add  must  be  avoided,  as  it  tends  to  dis- 
solve the  arsonic  adds. 

Sodium  Methyl  Arsonate,^  CHtAsOiNaj.— The  reaction  between  99  g.  of  arsenious 
oxide,  300  cc.  of  10  N  sodium  hydroxide  solution  and  150  g.  of  methyl  iodide  on  warming 

"  Detailed  pharmacological  results  will  be  published  by  Dr.  A.  S.  Loevenhart  of  the 
University  of  Wisconsin  when  the  investigation  is  completed. 

"  Ber.,  48, 350  (1916). 

^*  All  analsrses  for  arsenic  were  done  by  the  method  described  by  Robertson,  This 
Journal,  43, 182  (1921). 

»  Ann.,  249,  147  (1903). 
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is  complete  in  about  2  hours.  An  equal  volume  of  alcohol  is  added  to  the  mixture 
and  the  soditmi  methyl  arsonate  precipitates  in  very  good  yields.  The  product  may  be 
purified  by  dissolving  in  a  small  amount  of  water  and  reprecipitating  with  alcohol. 

Ethyl  Arsonic  Acid,  CjHsAsOiHj. — The  reaction  between  198  g.  of  arsenious 
oxide,  300  cc.  of  10  N  sodium  hydroxide  solution  and  176  g.  of  ethyl  bromide  (110  g.  is 
added  at  the  beginning  and  50  to  65  g.  added  gradually  during  the  course  of  the  reaction 
to  compensate  any  loss  due  to  volatilization),  requires  24  to  48  hours  before  it  is  90%  com- 
plete. The  reaction  mixture  is  concentrated  to  a  little  less  than  half  of  its  original 
volume  and  filtered  to  remove  the  sodium  bromide  which  separates.  The  filtrate 
is  now  made  neutral  to  phenolphthalein  with  hydrochloric  acid,  again  concentrated  to 
Vj  or  */i  its  volume  and  filtered  from  sodium  halide.  It  is  next  acidified  with  hydro- 
chloric acid  till  Congo  red  just  commences  to  turn  blue,  once  more  concentrated  to 
Vs  or  */t  its  voltmie  and  filtered  from  sodium  halide  while  still  hoi.  On  cooling,  about 
80  g.  of  needle-like  crystals  separates,  together  with  a  small  quantity  of  sodium  chloride. 
The  filtrate  will  yield  a  larger  quantity  of  ethyl  arsonic  acid  if  it  is  concentrated,  filtered 
hot  from  the  sodium  halide  and  allowed  to  cool.  This  last  treatment  is  repeated 
and  from  these  two  concentrations  about  40  g.  more  of  arsonic  add  is  obtained.  The 
total  3rield  of  120  g.  is  best  purified  from  traces  of  salts  by  crystallizing  from  a  small 
amount  of  water.  The  product  then  melts  at  95-96''  which  is  the  same  melting  point 
as  was  found  by  La  Coste.^' 

«-Propyl  Arsonic  Acid,  CjHtAsOjHs. — The  reaction  bebween  99  g.  of  arsenious 
oxide,  300  cc.  of  10  N  sodium  hydroxide  solution  and  123  g.  of  n-propyl  bromide  requires 
24  to  48  hours  for  90%  completion.  The  reaction  mixture  is  treated  exactly  as  with  the 
ethyl  arsonic  acid.  The  propyl  arsonic  acid  separates  as  small  plates.  As  the  acid  is 
less  soluble  than  the  ethyl  compound,  it  is  obtained  more  readily  and  in  better  yields. 
The  product  is  easily  purified  by  recrystallization  from  a  small  amount  of  water  and  then 
has  a  melting  point  of  126-7®  which  agrees  with  that  recorded  in  the  literature.*^ 

«-Butyl  Arsonic  Acid,  C4H0ASO1HJ.— The  reaction  between  275  g.  of  n-butyl 
bromide,  198  g.  of  arsenious  oxide  and  600  cc.  of  10  N  sodium  hydroxide  solution  re- 
quires 40  to  60  hours  before  90%  of  the  arsenious  oxide  has  reacted.  Small  amounts  of 
butyl  bromide  and  butyl  alcohol  which  have  formed  by  hydrolysis  are  distilled  and  the 
solution  is  then  neutralized  to  phenolphthalein  with  hydrochloric  acid,  concentrated  to 
about  half  its  volume  and  filtered.  Upon  adding  hydrochloric  acid  till  congo  red  just 
commences  to  tm^  blue,  butyl  arsonic  acid  separates  as  a  thick  crystalline  paste.  About 
300  g.  of  the  crude  material  is  thus  obtained.  It  is  readily  purified  by  a  crirstallization 
or  two  from  hot  water.  It  may  also  be  recrystallized  from  alcohol.  Butyl  ars(Miic  add 
mdts  at  159-160°  and  in  its  general  properties  resembles  the  other  arsonic  adds.  It 
forms  an  insoluble  magnesium  salt  with  magnesia  mixture. 

Analyses.  Subs.,  0.2000,  0.2000:  required  21.2.  21.2  cc.  of  0.1038  N  I.  Calc.  for 
CJI.iOsAs:    As,  41.2.     Found:    41.2,  41.2. 

Allyl  Arsonic  Acid,  CHj  =  CHCH2AsO|Hi.»8— The  reaction  between  250  g.  of  allyl 
bromide,  198  g.  of  arsenious  oxide  and  600  cc.  of  10  N  sodium  hydroxide  solution  is 
90%  complete  in  2  to  3  hours.  The  reaction  mixture  is  neutralized  to  phenolphthalein 
with  hydrochloric  acid,  concentrated  to  about  Vs  of  its  original  volume  and  filtered. 
On  addifying  the  filtrate  till  congo  red  just  commences  to  turn  blue,  the  allyl  arsonic 

w  La  Coste,  Ann.,  208, 34  (1881). 

"  This  Journai,,  28,  352  (1906). 

^  During  the  preparation  of  this  communication,  an  abstract  of  an  English  patent 
has  appeared  which  describes  the  production  of  allyl  arsonic  add  and  its  salts.  The 
procediu^  is  somewhat  different  from  the  one  used  in  this  investigation.  Brit.  pat. 
167,157;  Zentr.,  1921,  II.  1065. 
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acid  precipitates  in  needle-like  crystals,  with  a  small  amount  of  sodium  chloride.  The 
mixture  is  heated  to  boiling  and  filtered  hot,  thus  removing  most  of  the  salt.  The 
filtrate  deposits  crystals  on  cooling.  These  weigh  270  g.,  are  pure  after  one  recrystal- 
lization  from  water,  and  then  melt  at  128-9°. 

Analysis.  Subs.,  0.2000:  reauired  26.4  cc.  of  0.09205  N  I.  Calc.  for  CJ^tOsAs: 
As,  45.2.     Found:    45.4. 

Benzyl  Arsonic  Acid,»»  CeHiCHjAsOiHj.  — The  reaction  between  126  g.  of  benzyl 
chloride,  99  g.  of  arsenious  oxide  and  300  cc.  of  10  N  sodium  hydroxide  solution  is  more 
than  90%  complete  within  2  hours.  An  oily  layer  consisting  of  benzyl  alcohol  and  a 
slight  excess  of  benzyl  chloride  is  always  present  at  the  end  of  the  reaction.  This  is 
removed  and  the  solution  carefully  neutralized  to  litmus  with  hydrochloric  acid,  then 
just  a  little  more  is  added.  On  standing  for  about  an  hour,  a  small  amount  of  fiocculent 
material  separates.  This  is  filtered  and  the  filtrate  acidified  till  congo  red  commences 
to  turn  blue.  Benzyl  arsonic  acid  separates  and  is  immediately  filtered.  It  is 
washed  with  water  and  dried  at  90°.  The  yields  vary  from  about  130  to  135  g.  After 
a  crystallization  from  alcohol  or  water  it  melts  at  167-8  **. 

Attempts  to  Prepare  Other  Arsenic  Acids.— Ethylene  chlorohydrin  reacts  very 
rapidly  with  sodium  arsenite  and  in  10  minutes  over  80%  of  the  arsenious  oxide  has 
disappeared.  The  product,  however,  does  not  precipitate  when  treated  in  the  way 
described  for  the  alkyl  arsonic  adds.  The  solution  is  evaporated  to  an  extremely 
small  volume,  the  sodium  halide  filtered  from  time  to  time,  and  the  residue  is  treated 
with  absolute  alcohol;  practically  all  of  the  sodium  halide  separates  and  is  filtered  ofif. 
Upon  evaporation  of  the  filtrate  an  oil  is  obtained  which  is  presumably  the  desired 
product,  but  as  no  method  of  purification  was  found  it  was  not  analyzed. 

Similar  results  are  obtained  with  trimethylene  bromide,  using  two  moles  of  sodium 
arsenite.  The  reaction  takes  place  slowly.  The  product  in  this  case  is  a  thick  oil  which 
does  not  solidify. 

Phenoxy-propyl  bromide,  phenoxy-ethyl  bromide,  isopropyl  bromide  and  ethylene 
bromide  react  only  very  slowly  with  sodium  arsenite  and  no  products  were  isolated. 

General  Procedure  for  Aliphatic  Arsinic  Acids. — The  conditions  for 
the  preparation  of  the  arsinic  acids  are  almost  the  same  ^  those  required 
for  the  preparation  of  arsonic  adds.  One  mole  of  alkyl  dichloro-arsine 
is  dissolved  in  suflScient  10  N  sodium  hydroxide  solution  to  produce  the 
disodium  alkyl  arsenite.  This  is  placed  in  a  round-bottom  flask  fitted 
with  an  efficient  mechanical  stirrer  and  reflux  condenser.  Slightly  more 
than  a  mole  of  alkyl  halide  is  added  and  the  mixture  stirred  and  refluxed  till 
titration  shows  that  more  than  90%  of  the  disodium  alkyl  arsenite  has 
reacted.  Wherever  the  final  products  are  only  slightly  soluble  in  water, 
direct  acidification  of  the  reaction  mixture  till  congo  red  just  commences 
to  turn  blue  will  cause  the  product  to  separate;  where  they  are  very  soluble 
in  water,  it  is  necessary  to  proceed  in  a  manner  somewhat  similar  to  that 
used  for  the  isolation  of  the  alkyl  arsonic  adds.  Excess  of  add  causes  the 
arsinic  adds  to  become  oily,  so  must  be  avoided. 

Diethyl  Arsinic  Acid,*®  (CjHi)»AsOjH.— The  reaction  between  55  g.  of  ethyl  bromide, 
90  g.  of  ethyl  dichloro-arsine  and  210  cc.  of  10  N  sodium  hydroxide  requires  from  4  to  6 
hours  before  it  is  90%  complete.     It  is  desirable  to  add  20  g.  more  of  ethyl  bromide 


i»  Tms  Journal,  28,  347  (1906). 
»  /.  prakt.  Chem.,  63,  283  (1854). 
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toward  the  end  of  the  reaction  in  order  to  replace  that  lost  by  volatilization.  The 
excess  of  ethyl  bromide  is  boiled  away,  the  solution  neutralized  to  phenolphthalem  with 
hydrochloric  acid,  concentrated  to  half  its  volume  and  filtered  from  the  salt  which  sepa- 
rates. The  filtrate  is  acidified  with  hydrochloric  acid  till  congo  red  just  commences  to 
turn  blue,  and  concentrated  once  more  to  about  '/«  of  its  original  volume  when 
50  g.  of  crude  diethyl  arsinic  acid  separate  in  plates.  After  two  crjrstallizations  from 
alcohol,  the  product  is  entirely  free  from  a  small  amount  of  sodium  chloride. 

»-Butyl  Dichloro-arsine,  CiHgAsCU.— A  solution  of  150  g.  of  crude  n-butjd  arsonic 
acid  in  300  cc.  of  cone,  hydrochloric  acid  is  prepared.  A  few  crystals  of  potas- 
sium iodide  are  added  as  a  catalyst  and  then  the  solution  is  saturated  with  sulfur  dioxide 
(about  2  hours  is  required).  By  this  procedure,  100  g.  of  crude  butyl  dichloro-arstne 
separates.  It  is  removed  and  the  aqueous  liquors  are  saturated  with  salt,  thus  yielding  an 
additional  quantity  of  the  dichloride.  The  product  is  fractionated  under  diminished 
presstu-e  and  when  pure  consists  of  a  colorless  oil  boiling  at  192-4**. 

Analysis.  Subs.,  0.5035:  AgNO,. 0.8428.  CalcforC^HtCljAs:  CI,  34.9.  Found: 
34.9. 

n-Propyl  n-Butyl  Arsinic  Acid,  C4lIt(C«H7)AsOtH.— The  reaction  between  25  g.  of 
»-butyl  dichloro-arsine,  60  cc.  of  10  N  sodium  hydroxide  solution  and  20  g.  of  n-propyl 
bromide  requires  3  to  5  hours  for  completion.  The  reaction  mixture  is  made  neutral  to 
phenolphthalein  with  hydrochloric  acid  and  then  concentrated  to  half  its  volume.  The 
salt  which  separates  is  filtered  and  the  filtrate  carefully  acidified.  The  oystalline  pre- 
cipitate of  arsinic  acid  is  filtered  and  dried,  and  weighs  16  g.  The  filtrate  is  further 
concentrated  to  about  */s  of  its  volume,  filtered  hot  to  remove  the  salt  which  separates, 
and  then  cooled  to  obtain  a  further  amount  of  arsinic  acid.  The  crude  product  must  be 
crsrstaliized  once  or  twice  from  water  to  free  it  from  sodium  chloride,  and  then  melts 
at    127-8". 

Analyses.  Subs.,  0.2000,  0.2000:  required  21.1,  21.0  cc.  of  0.09206  N  I.  Calc.  for 
CrHirOtAs:  As,  36.0.    Pound:  36.2,36.1. 

Di-M-butyl  Arsinic  Add,  (C4Ht)iAsOsH.— The  reaction  between  61  g.  of  «4mtyl 
bromide,  90  g.  of  butyl  dichloro-arsine  and  180  cc.  of  10  N  sodium  hydroxide  solution 
requires  3  hours  for  completion.  The  solution  is  neutralized,  concentrated,  and  the  salt 
filtered  as  described  in  the  previous  experiments.  The  filtrate  is  carefully  acidified  till 
Congo  red  just  commences  to  turn  blue,  and  the  crystalline  dibutyl  arsinic  acid  separates. 
After  washing  and  drying  it  weighs  85  g.  and  after  one  crystallization  from  water  it  is 
perfectly  pure  and  melts  at  137-8".  Considerable  care  should  be  taken  in  acidifying 
the  solution  in  order  to  precipitate  the  arsinic  acid,  since  excess  of  acid  causes  the  product 
to  become  oily. 

Analysis.  Subs.,  0.2000:  required  19.65  cc.  of  0.09205  N  I.  Calc.  for  CsHioOtAs: 
As,  33.8.    Found:  33.8. 

The  light-blue  cx>ppBR  salt,  [(CaHOAsOiIsCu,  is  readily  precipitated  from  a  solu- 
tion of  dibutyl  arsinic  acid  which  has  been  just  neutralized  to  phenolphthalein  with 
sodium  hydroxide  by  adding  copper  sulfate  solution.  The  product  is  filtered,  washed 
and  dried  for  2  hours  at  90"  in  a  vacuum.    The  3^eld  is  nearly  quantitative. 

Analysis.  Subs.,  0.2000:  required  17.0  cc.  of  0.09205  M.  Calc.  for  CtHi^iAsyCa: 
As,  29.6.    Found:    29.2. 

General  Procedure  for  Aliphatic-aromatic  Arsinic  Acids. — One  mole  of 
the  dichloro-arsine  is  dissolved  in  4  moles  of  alkali  in  the  usual  way  and  1 
mole  of  the  halogen  compound  added  gradually,  generally  at  room 
temperature.    The  reactions  take  place  rapidly  enough  so  that  with  the 
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sodium  aromatic  arsenites  neither  heating  nor  stirring  are  necessary  in  most 
cases  to  give  excellent  results.  To  isolate  the  products  which  for  the  most 
part  are  not  very  soluble  in  water,  the  reaction  mixture  is  made  neutral  to 
phenolphthalein  with  hydrochloric  add.  This  causes  the  precipitation  of  a 
small  amount  of  imchanged  aromatic  arsine  oxide  which  is  filtered.  The 
filtrate  is  made  acid  with  hydrochloric  add  until  congo  red  just  com- 
mences to  timi  blue,  to  predpitate  the  product.  If  the  product  contains 
an  amino  group  the  final  addification  must  be  done  with  care,  not  enough 
acid  being  added  to  redissolve  the  predpitate. 

The  majority  of  these  compounds  have  decomposition  points  and  not 
melting  points.  It  was  found  that  the  decomposition  points  may 
vary  considerably  with  the  speed  at  which  the  temperatiwe  of  the  bath  is 
raised. 

Phenylarsino  Acetic  Add,  C«H»As(OsH)CHsCOsH.— A  mixture  of  180  g.  of 
phenyl  dichloro-arsine  and  365  cc.  of  10  N  sodium  hydroxide  solution  is  cooled  and  to 
this  solution  is  added  gradually  with  stirring  121  g.  of  sodium  chloro-acetate  in  150  cc. 
of  water.  An  immediate  reaction  takes  place  and  is  complete  within  about  30  minutes, 
bur  it  is  best  to  allow  the  mixture  to  stand  for  2  to  3  hours  longer.  The  yield  of  product 
is  120  g.  The  substance  may  be  purified  by  crystallization  from  hot  water  and  then 
melts  at  141-2**  with  decomposition. 

Analysis.  Subs.,  0.2000:  required  17.8  cc.  of  0.09205  N  I.  Calc.  for  C8H»04As: 
As.  30.7.    Found:  30.6. 

Phenyl  Chloro-arsine  Acetic  Acid,  C«HtAsClCHjCO»H.— A  solution  is  made  of  60  g. 
of  phenylarsino  acetic  acid  in  180  cc.  of  cone,  hydrochloric  acid  to  which  a  few 
crystals  of  potassium  iodide  have  been  added.  Sulfur  dioxide  is  passed  through  to 
sattuation  and  the  phenyl  chloro-arsine  acetic  acid  separates  in  the  form  of  plates. 
The  yield  is  practically  quantitative.  The  product  is  piuified  by  crystallization  from 
chloroform  and  then  melts  at  102-3^.  Phosphorus  pentachloride  in  chloroform  solu- 
tion converts  the  substance  into  phenyl  dichloro-arsine. 

Analyses.  Subs.,  0.2000:  required  15.8  cc.  of  0.09205  N  I.  Calc.  for  C»H«OiClAs: 
As,  30.4.    Found:    30.7. 

Subs.,  0.5000:  AgNOt,  0.3430.    Calc.  for  CsHgOjClAs:  CI,  14.4.    Found:   14.3. 

Phenyl  Bromo-arslne  Acetic  Acid,  CeHsAsBrCHiCOiH.— This  is  produced  in  a 
manner  analogous  to  that  for  the  chloro  compound  and  after  recrystallization  from 
chloroform  melts  at  113-4®. 

Analysis.  Subs..  0.5000:  AgNO,,  0.2880.  Calc.  for  CgHjOtBrAs:  Br,  27.5. 
Found:    27.1. 

Phenylarsino  Acetanilide,  C«HsAs(03H)CHiCONHC«H6.— A  solution  of  35  g- 
of  phenyl  dichloro-arsine  in  65  cc.  of  10  N  sodium  hydroxide  solution  is  made  and  with 
mechanical  stirring  28  g.  of  chloro-acetanilide^'  is  added.  After  3  hours,  when  the  re- 
action is  complete,  the  solution  is  diluted  with  an  equal  volume  of  water  before  proceed- 
ing in  the  usual  way.  The  product  weighs  50  g.  after  washing  with  water  and  drying. 
It  is  purified  by  crystallization  from  water  and  then  forms  small  needles  melting  at 
182-3®  with  evolution  of  gas. 

Analysis.  Subs.,  0.2000 :  required  12.2  cc.  of  0.09205  N  I.  Calc.  for  C14H14O1NAS : 
As,  23.5.     Found:  23.7. 

"  This  Journal.  39, 1439  (1917). 
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Fhen:^  Bromo-anine  Acetanilidey  CeH^AsBrCHiCONUCJIs- — ^Tliis  product  is 
made  in  a  manner  similar  to  that  for  phenyl  bromo-arsine  acetic  add,  using  20  g.  of 
phenylarsino  acetanilide,  10  cc.  of  glacial  aoedc  add,  20  cc.  of  constant-boiling 
hydrobromic  add  and  30  cc.  of  water  containing  a  few  crystals  of  potassium  iodide. 
After  saturation  with  sulfur  dioxide,  an  oil  separates  which  solidifies  on  standing. 
The  compound  is  oystallized  from  methyl  alcohol,  and  then  mdts  at  108-110^. 

Analysis.  Subs.,  0.4000:  AgNO,,  0.1900.  Calc.  for  Ci4H„0NBrAs:  Br,  21.9, 
Found:  22.4. 

Phenylarsino  Acetphenetidine,  CeH»As(OfH)CHiCONHCai40CiHi(p).  —  The 
reaction  between  18  g.  of  chloro-acetphenetidine**  and  19  g.  of  phenyl  dichloro- 
arsine  in  35  cc.  of  10  N  sodium  hydroxide  solution  takes  place  and  is  complete  in  a  few 
hours.  The  product  crystallizes  from  alcohol  in  needles  which  mdt  at  175^  with  de- 
composition. 

Analyses.  Subs.,  0.2000,  0.2000:  required  10.70,  10.75  cc.  of  0.1038  N  I.  Calc. 
for  CieHuOiNAs:  As,  20.6.    Found:  20.8,20.9. 

Phenylarsino  Aceto-arsanilic  Add»  C6H»As(OsH)CHsCONHCfH«AsOsHs(p).— 
A  solution  of  31  g.  of  sodium  chloro-acetoarsanilate**  in  50  cc.  of  water  is  added  gradually 
to  22  g.  of  phenyl  dichloro-arsine  in  45  cc.  of  10  N  sodium  hydroxide  solution.  The 
reaction  is  complete  in  2  hours.  The  chalky  white  material  is  extracted  with  a  large 
amount  of  hot  water,  then  with  hot  alcohol,  and  finally  dried  at  1 10  ^.  As  h  is  insoluble 
in  water  or  the  common  organic  solvents,  it  cannot  be  recrystallized.  It  may  be  dis- 
solved in  alkali,  however,  and  repredpitated  by  addification.  It  does  not  mdt  bdow 
250". 

Analyses.  Subs.,  0.2000,  0.2000:  required  17.4,  17.4  cc.  of  0.1038  N  I.  Calc.  for 
CuHiiOtNAst:   As,  33.8.    Pound:  33.8,  33.8. 

Phenylarsino  o-Aceto-amino  Benzoic  Acid,  C6H»As(C)iH)CHsCONHC«H4- 
COsH(o). — ^A  solution  of  22.5  g.  of  sodium  o-chloro-aceto-amino  benzoate*^  in  50  cc.  of 
water  is  added  to  22  g.  of  phenyl  dichloro-arsine  in  40  cc.  of  10  iV  sodium  hydroxide 
solution.  The  reaction  takes  only  a  short  time  for  completion.  (The  sodium  o-chloro- 
aceto-amino  benzoate  is  prepared  in  a  similar  manner  to  the  preparation  of  ^-chloro- 
aceto-amino  benzoic  acid  described  bdow.)  The  product  is  purified  by  boiling  the 
alkaline  solution  with  animal  charcoal,  filtering  and  reprecipitating  with  hydrochloric 
add.    It  mdts  at  198-200"  with  aecomposition. 

Analysis.  Subs.,  0.2000:  required  11.9  cc.  of  0.09205  N  I.  Calc.  for  CuHiiOiNAs: 
As,  20.6.    Found:  20.4. 

^-Phenozy-ethyl  Phenyl-arsinic  Add,  C«H»As(OsH)CHtCHsOCiH».--The  reaction 
between  45  g.  of  /3-phenoxy-ethyl  bromide,  45  g.  of  phenyl  dichloro-arsine  and  80  cc.  of 
10  N  sodium  hydroxide  solution  requires  4  to  6  hours  for  completion.  Heating  and 
mechanical  stirring  are  necessary  to  get  good  results.  The  small  excess  of  unchanged 
halide  is  removed  first  bdore  isolating  the  product.  The  substance  separates  as  an 
oil  which  soon  crystallizes.  After  recrystallization  from  water  it  mdts  at  122-3"  and 
wdghs  about  20  g. 

Analysis,  Subs.,  0.2000:  required  14.3  cc.  of  0.09205  N  I.  Calc.  for  CiJJitOtAs: 
As,  24.5.    Found:    24.6. 

Ethylene  Diphenyl-diarsinic  Add,  CsH4(Cai»AsOsH)t.--The  reaction  between  32  g. 
of  phenyl  dichloro-arsine,  120  cc.  of  10  N  sodium  hydroxide  solution  and  60  g.  of  ethyl- 

"  This  Journal,  41, 1453  (1919). 
"/WJ.,  41, 1810  (1919). 
«*  Ber.,  38, 1684  (1905). 
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ene  bromide  requires  4  to  8  hoiiTB  for  completion.  Heating  and  mechanical  stirring  are 
necessary.  The  i>roduct  separates  as  an  oil.  On  dissolving  in  dil.  ammonium  hydroxide, 
filtering  and  again  precipitating  by  careful  acidification  with  hydrochloric  add,  an  oil  is 
formed  which  gradually  solidifies.  The  product  may  be  recrystallized  from  hot  water  or 
alcohol  and  melts  at  209-11  ^ 

Analysis.  Subs.,  0.2000:  requured  21.7  cc.  of  0.09205  i^T  I.  Calc.  for  Ci«Hi«04A8t: 
As,  37.7.    Found:  37.3. 

Subs.,  0.2000 :  required  8.8  cc.  of  0.135  N  NaOH.    Found :  8.4  cc. 

^Amino-phenyl  Dichloro-arsine  Hydrochloride,*^  (/»)ClsAsC«H4NHtHCl. — This 
product  is  precipitated  in  practically  quantitative  yields  when  a  stream  of  sulfur  dioxide 
is  passed  into  a  solution  of  one  part  of  arsanilic  acid  dissolved  in  3  parts  of  cone,  hydro- 
chloric acid.    A  crsrstal  or  two  of  potassium  iodide  is  added  as  a  catalyst. 

/^Amhio-phenylarsino  AcetaniUde,  (/>)HsNC«H«As(OsH)CHsCONHCeHi.— This 
substance  is  prepared  in  the  usual  way  from  58  g.  of  ^amino-phenyl  dichloro- 
arsine  hydrochloride  in  100  cc.  of  10  N  sodium  hydroxide  solution  and  34  g.  of  chloro- 
acetaniHde.  The  reaction  is  complete  in  about  an  hour  but  is  allowed  to  stand  for 
several  hours.  The  product  may  be  purified  by  crystallizing  from  either  water  or  alcohol. 
It  melts  at  181-2"*  with  decomposition. 

Analysis.  Subs.,  0.2000:  required  13  cc.  of  0.09205  N  I.  Calc.  for  CuHuOiNtAs : 
As,  22.4.    Found:  22.4. 

/^Aceto-amino-phenylarsino  AcetaniUde,  (^)CHtC0NHC«H4As(0iH)CHsC0N- 
HCflHf. — ^This  compound  is  made  from  the  one  just  described  by  warming  for  15 
minutes  after  the  initial  reaction  has  taken  place,  with  a  slight  excess  of  acetic  anhydride. 
The  compound  which  separates  upon  diluting  with  water  is  washed  with  dil.  hydro 
chloric  acid,  then  with  water,  and  finally  dried.  It  crystallizes  from  hot  water  in 
plates  which  melt  at  205-6^  with  decomposition. 

Analyses.  Subs.,  0.2000.  0.2000:  required  11.65,  11.65  cc.  of  0.09205  N  I.  Calc. 
for  CicHi704NsA8:  As,  19.9.    Found:  20.0,20.0. 

/^Glycyl-aminophenylarsino  AcetaniUde,  H0sCCHsNHC<H4As(0iH}CHs- 
CONHCcHft. — This  compound  is  prepared  from  ^amino-phenylarsino  acetanilide 
by  heating  10  g.  in  30  cc.  of  4%  sodium  hydroxide  solution,  with  7  g.  of  chloro- 
acetic  add.  After  refluzing  for  3  to  4  hours  and  allowing  to  cool,  an  oil  separates  which 
solidifies  on  standing,  or  sometimes  a  solid  separates  directly.  The  compound  after 
oystallization  from  methyl  alcohol  mdts  at  199°  with  decomposition. 

Analyses.  Subs.,  0.2000,  0.2000:  required  11.15,  11.2  cc.  of  0.09205  N  I.  Calc. 
for  CicHuOiNiAs:  As,  19.1.    Found:  19.2,19.2. 

^Amino-phenylarsino  Aeetphenetidine,  (^)HsNC6H4\s(OtH)CHiCONHC«H40- 
CtHi(^).— The  reaction  between  21  g.  of  cfaloro-acetphenetidine  and  29  g.  of  ^ 
amino-phenyl  dichloro-arsine  hydrochloride  in  50  cc.  of  10  iV^  sodium  hydroxide  solution 
is  complete  in  3  hours.  The  product  is  oystallized  from  alcohol,  then  mdts  at 
211.5-212.5*. 

Analyses.  Subs.,  0.2000,'  0.2000:  required  11.6,  11.5  cc.  of  0.09205  N  I.  Calc.  for 
CiflHi»04NiAs:  As,  19.8.    Found:  19.8, 19.8. 

^Aeeto-amino-phenylarsino  Aeetphenetidine,  (^)CHiCONHC«H4(AsOiH)- 
CHtC0NHC«H40CtHi(p).*TThe  product  is  made  from  the  one  just  described  by  using 
the  directions  given  under  ^aceto-amino-phenylarsino  acetanilide.  On  crys- 
tallization from  alcohol  it  mdts  at  214r-215*  with  decomposition. 

Analyses.  Subs.,  0.2000, 0.2000:  required  10.3, 10.3  cc.  of  0.09205  J^  I.  Calc.  for 
CitHaOiNfAs:  As,  17.8.    Found-   17.7,  17.7. 

»  Ber.,  43,  917  (1910). 
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^Amino-plieii^arsiiio  AcetiMnianflte  Add,  (^)HsNC6H4As(OtH)CHtCX>NHCf- 
H4AsOtHs(p).— The  reaction  between  29  g.  of  cfaloro-aoeto-arsanilic  add  in  20 
cc.  of  10  iV  sodium  hydroxide  solution  and  sodium  ^amino-phenyl  arsenite  made  by  dis- 
solving 29  g.  of  ^amino-phenyl  dichloro-arsine  hydrochloride  in  50  cc.  of  10  i\r  sodium 
hydroxide  solution,  is  complete  within  3  hours.  The  product  is  purified  by  cnrstalliza- 
tion  from  hot  water.    It  does  not  melt  below  350  ^. 

Analyses.  Subs.,  0.2000,  0.2000:  required  18.8,  18.9  cc.  of  0.09206  N  I.  Calc.  for 
CuHieOiNiAss:  As,  32.7.    Pound:  32.3,32.5. 

/^-Aceto-amino-phenyla^8ino  Aceto-arsanilic  Acid,  (p)CHtC0NHCVH4- 
As(C)sH)CHiCONHCfH4AsOtHs(/>}.— This  compound  is  made  by  the  general  procedure 
already  described  under  the  other  aceto  compounds.  It  forms  in  poor  3rields.  It  is 
purified  by  crystallization  from  hot  water.     It  does  not  melt  below  250^. 

Analyses.  Subs.,  0.2000,  0.2000:  required  17.3,  17.3  cc.  of  0.09205  N  I.  Calc.  for 
CieHisOsrNtAss:  As,  30.0.    Found:  29.7,29.9. 

/^Chloro-aceto-amino  Benzoic  Acid,  (p)ClCHsCONHC6H4COtH.— A  suspension  of 
10  g.  of  ^amino  benzoic  acid  in  a  mixture  of  50  cc.  of  glacial  acetic  add  and  50  cc.  of 
saturated  sodium  acetate  solution  is  treated  slowly,  with  vigorous  stirring,  with  chloro- 
acetyl  chloride.  A  white  amorphous  solid  predpitates,  is  filtered,  washed  and  dried. 
For  subsequent  work  the  crude  material  is  satisfactory,  but  it  may  be  purified  by  crys- 
tallization from  alcohol  and  then  has  a  mdting  point  of  239*^. 

Analysis.  Subs.,  0.2000:  AgNOi,  0.1675.  Calc.  for  CgHsOtNCl:  CI,  16.61. 
Found:    10.5. 

/^-Amino-phenylarsino  /»-Aceto-amino  Benzoic  Acid,  (p)HiNC«H4As(0sH)- 
CHjCONHCtBUCOfHC^).— This  reaction  between  42  g.  of  p-chloro-aceto-amino 
benzoic  add  in  10  cc.  of  10  N  sodium  hydroxide  solution  and  58  g.  of  /»-amino-phenyl 
dichloro-arsine  hydrochloride  in  100  cc.  of  10  N  sodium  hydroxide  solution  is  complete 
in  a  few  hours.    It  forms  needles  from  hot  water,  mdting  at  217  ^  with  decomposition. 

Analysis.  Subs.,  0.2000:  required  11.4  cc.  of  0.09205  N  I.  Calc.  for  CmHuOiNsAs: 
As,  19.8.    Found:    19.6. 

Summary 

1.  It  has  been  shown  that  aliphatic  arsonic  acids,  aliphatic  arsinic  adds 
and  aliphatic-aromatic  arsinic  adds  may  be  very  readily  prepared  by  the 
action  of  various  halogen  compounds  upon  an  aqueous  solution  of  sodium 
arsenite,  sodium  alkyl  arsenite  or  sodium  aryl  arsenite. 

2.  This  method  has  been  applied  to  the  preparation  of  several  alkyl 
arsonic  adds,  as  well  as  to  allyl  and  benzyl  arsonic  adds;  also  to  simple  and 
mixed  alkyl  arsinic  adds. 

3.  This  method  has  also  been  applied  to  the  preparation  of  many  com- 
pounds of  the  general  formula  RAs(Q2H)CI^C0NHR'  where  R  is  a  phenyl, 
/^-amino-phenyl  or  />-aceto-amino-phenyl  group  and  R'  is  a  phenyl  or 
substituted  phenyl  group.  The  compounds  dissolve  readily  in  aqueous 
alkalies,  giving  solutions  which  possess  relativdy.  low  toxidty  but  at  the 
same  time  only  a  slight  tr3rpanoddal  action. 

UrBANA,  IU4N0IS 
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A  fundamental  reaction  which- has  been  applied  successfully  for  the 
preparation  of  glyoxaline  compounds  is  that  involving  the  condensation 
of  an  ortfeo-diketonic  compound  with  an  aldehyde  in  the  presence  of  am- 
monia. It  was  first  utilized  by  Debus*  for  the  S3mthesis  of  glyoxaline 
itself  and  the  reaction  has  been  used  with  success  by  several  investigators 
since  its  discovery.'  The  interaction  of  diacetyl,  for  example,  with 
ammonia  and  formaldehyde  giving  dimethylglyoxaline  (I)  is  expressed 
by  the  following  equation. 

CHiCO        NH«  CH,C NHv 

I     +              +  HCHO  -            II  X:H  +  3  H,0. 

CHiCO        NH,  CH,C N^ 

I 

Windaus  and  Vogt^  applied  this  type  of  reaction  in  one  stage  of  their 
interesting  synthesis  of  histidine  and  histamine,  when  they  showed  that 
the  ketone-aldehyde  (II)  condenses  normally  with  formaldehyde  and 
ammonia  with  formation  of  i9-imidazole-propionic  acid  (III),  but  outside 

CHO        NHs  CH— NHv 

I  +  +  HCHO  -  II  >CH  +  3  H*0 

HOOCCHtCHjCO  NH,  H<X)CCHiCH,C— N^ 

II  III 

of  this  work  no  plan  of  synthesis,  so  far  as  the  writers  are  aware,  has  been 
developed  which  involves  the  application  of  their  principle  for  glyoxaline 
constructions  of  the  type  of  histamine. 

Analysis  of  the  accepted  structural  formula  of  histamine  (IV)  reveals 
the  fact  that  amino-ethyl-glyoxal,  H«N.CH,CHt.CO.CHO,  is  thtortho- 
ketone-aldehyde  structure  functionating  in  this  cyclic  molecule.  In 
other  words,  this  amine  together  with  formaldehyde  and  ammonia  theo- 
retically have  interacted  in  accordance  with  the  principle  outlined  above 
giving  a  glyoxaline  and  the  hypothetical  synthesis  of  histamine  (IV) 
may  be  expressed  as  follows. 

1  This  paper  is  constructed  from  a  dissertatioii  presented  by  George  Walter  Pucher 
in  June,  1920,  to  the  Faculty  of  the  Graduate  Sdiool  of  Yale  University  in  candidacy  for 
the  degree  of  Doctor  of  Philosophy.    (T.  B.  J.) 

>  Debns,  Ann.,  17, 199  (1866). 

>  von  Ftehman,  Ber.,  21, 1417  (1888).    Radziszewski,  ibid.,  15, 1493  (1882). 
« Windaus  and  Vogt,  ibid,,  40, 3691  (1907). 
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CHO        NH,                                               CH—NHv 
I        +            +  HCHO  -                        II  >CH  +  3  HiO. 

H,NCH,CH,CO  NHi  H,NCH,CH,C ^N^ 

IV     , 

If  we  extend  this  series  to  the  higher  homologs  it  will  be  observed,  for  ex- 
ample, that  the  corresponding  aminopropyl-glyoxal,  NH2CH2CH2CH2- 
COCHO,  is  the  or//w-ketone-aldehyde  which  would  be  productive  of  the 
next  higher  homolog  of  histamine  by  condensation  with  ammonia  and 
formaldehyde.  In  other  words,  a  synthesis,  which  would  permit  of  the 
formation  of  this  series  of  glyoxal  amines,  theoretically  would  enable 
us  to  synthesize  by  a  new  method  a  series  of  glyoxaline  bases  related  to 
histamine. 

This  analysis  of  the  histamine  molecule  together  with  the  fact  that  at 
present  we  have  very  scanty  knowledge  of  aminoglyoxaline  combinations 
of  the  above  type  created  a  renewed  interest  in  the  study  of  new  methods 
of  synthesis  in  this  interesting  biochemical  field.  Such  a  method  of  sjm- 
thesis  applicable  to  histamine  alone  would  have  many  advantages  over 
those  that  already  have  been  applied.  It  would  be  a  more  direct  method 
of  approach  and  involve  a  smaller  number  of  intermediate  reactions. 

An  organic  reagent  which  is  now  available,  but  has  never  been  utilized 
in  the  development  of  glyoxaline  syntheses,  is  the  very  reactive  /3-ketone 
ester,  namely,  ethyl  7-diethoxy-aceto-acetate  (V)  which  is  obtained 
easily  in  a  pure  state  by  condensation  of  ethyl  diethoxy-acetate^  with 
ethyl  acetate.  Not  only  does  it  contain  an  acetal  structiure  which  is 
extremely  susceptible  to  hydrolysis  in  acid  solution,  but  it  also  contains 
a  reactive  methylene  group  which  permits  of  the  carrying  out  of  funda- 
mental reactions  characteristic  of  a  normal  jS-ketone  ester. 

(CH50),CHC00CjH.  4-  CH,COOC,H.;=(C,H60),CHCOCH,COOC«H8  +  C,H.OH. 

V 

The  synthesis  which  we  attempted  to  develop  by  use  of  this  reagent 
is  expressed  in  its  different  stages  by  the  formulas  given  below  and,  as 
will  be  readily  seen  by  inspection,  its  successful  application  depends 
primarily  on  a  normal  and  smooth  interaction  between  the  sodium  salt 
of  the  j3-ketone  ester  and  bromomethyl-phthaUmide.    So  far  as  the  writers 


(CiHftOjCHCOCHNaCOOCH,  +  Cai4(C0),NCHrBr > 

hydrolysis 

(CjH60)2CHCOCHCOOC,H8  >-  OCHCO-CH,CH,N(CO),C«H4 

I 
CH>N(CO),C.H4 


•Dakin  and  Dudley,  /.  Chem.  Soc,  105,  2453  (1914).    Johnson  and  Cretcher, 
This  Journai.,  37, 2144  (1916). 
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OCHCOCHiCHi-N(CX)M^  +  HCHO  +  NHi  = 

NH  —  CH  NH— CH 


nt 


in 

hydrolsrsis  | 
N    —    C-CHiCH>N(CO),C«H4  >   N  —  C-CHfCH,NHi 

are  aware,  no  one  has  even  utilized  this  primary  halide  in  an  alkylation 
experiment,  while  it  is  ^ell  kfaown  that  tlie  higher  homolog  bromo-ethyl- 
phthalimide,  C6H4(CO)sNCHjCHjBr,  and  bromopropyl-phthalimide, 
C«H4(C0)jN.  CH2CH2CH2Br,  react  normally  in  such  transformation.  The 
phthalimido  combinations  were  selected  for  this  work  for  two  reasons,  first 
to  offer  protection  to  the  amino  group  so  as  to  avoid  intramolecular  con- 
densation after  formation  of  the  alkylation  product,  and  second  to  increase 
the  molecular  weight  so  as  to  insure  the  possibility  of  obtaining  crystalline 
reaction  products. 

Thus  far  we  have  not  been  successful  in  bringing  about  the  change 
representing  the  first' stage  of  this  new  synthesis  of  histamine,  namely, 
the  interaction  of  bromOmethyl-phthalimide  with  the  ketone  ester.  The 
reaction  has  been  applied  under  the  normal  conditions  generally  employed 
for  reactions  of  this  type,  namely,  by  operating  with  the  sodium  salt  of 
the  ketone  ester  in  alcohol  solution,  and  also  by  alkylation  of  the  sodium 
salt  in  anhydrous  benzene,  but  with  this  ketone  ester  and  also  with  ethyl 
aceto-acetate  we  obtafned  no  evidence  of  the  formation  of  alkylation 
products  containing  nitrogen. 

Bromomethyl-phthalimide  interacts  with  the  sodium  salts  of  these 
respective  ketone  esters  with  formation  of  sodium  bromide,  organic  com- 
pounds which  coiKtain  no  nitrogen  and  phthalimide.  Ethyl  aceto-acetate 
is  much  more  reactive  towards  this  halide  than  is  ethyl  7-diethoxy-aceto- 
acetate,  but  in  both  cases  we  were  able  to  isolate  over  80%  of  the  calculated 
yield  of  phthalimide.  In  other  words,  bromomethyl-phthalimide  interacts 
as  though  it  had  an  entirely  different  constitution  from  that  of  a  primary 
halide,  R.  CHaBr.  \VTiile  this  halide  reacts  in  a  quite  unexpected  manner 
we  find  that  its  next  higher  homolog  bromo-ethyl-phthalimide  interacts 
smoothly  with  the  /J-ketone  esters  with  the  formation,  respectively,  of 
normal  alkyl  derivative^.  We  obtained  no  evidence  in  this  case  of  the 
formation  of  phthaUmi^e.  A  full  description  of  these  reactions  and  the 
characteristics  of  the  products  of  reaction  are  given  in  the  experimental  part 
of  this  paper.* 

The  method  of  preparing  bromomethyl-phthalimide  has  been  greatly 
•  We  are  now  engaged  in  the  study  of  the  mechanism  of  this  quite  abnormal  reac- 
tion, but  the  work  has  been  delayed  much  since  the  departure  of  Mr.  Pucher  from  this 
laboratory.  This  research  will  involve  not  only  a  study  of  the  actidn  of  these  halo- 
genated  alkyl  derivatives  of  phthalimide,  but  we  shall  also  incorporate  into  our  work 
an  investigation  of  the  action  of  halogenated  ethers,  ClCHsO  'C'H6,  on  ^yl  7-diethozy- 
aceto-acetate.  Very  promising  results  have  already  been  obtained  by  my  colleague 
Professor  A.  J.  Hill,  who  is  extending  the  research  into4he  pyrimidine  series.     (T.  B.  J.) 
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improved  so  that  this  reagent  is  now  made  available  in  any  quantity  de- 
sired. The  compound  has  received  hitherto  very  little  attention,  and  in 
the  experimental  part  are  described  several  derivatives  whose  preparation 
illustrates  its  pronotmced  activity.  This  research  will  be  oMitinued  in 
this  laboratory. 

Experimental  Part 

Phthalimide,  C6H«(CO)sNH. — Dunlop^  prepared  this  reagent  by  heating  phthalic 
anhydride  with  urea.  Herzog*  later  applied  the  same  reaction  and  showed  that  these 
reagents  interact  nearly  quantitatively  at  135°  and  that  the  reaction  is  strongly  exo- 
thermic. Noyes  and  Cass*  showed  that  ammonium  carbonate  can  be  substituted 
successfully  for  urea  in  this  preparation.  The  3rield  of  phthalimide  by  both  procedures  is 
good,  but  it  has  been  our  experience  that  the  method  of  operating  as  recommended  by 
Kuhara^^  is  just  as  satisfactory  and  convenient.  AU  of  the  reagent  used  in  our  research 
was  made  according  to  this  method.  The  process  is  as  follows.  One  hundred  g.  of 
phthalic  anhydride  is  placed  in  a  liter  flask  which  is  connected  with  an  ammonia  gener- 
ator through  a  wash-bottle  containing  a  strong  solution  of  sodium  hydroxide  and  a  series 
of  dnring  tubes  charged  with  granulated  calcium  oxide.  The  flask  containing  the 
anhydride  is  heated  in  an  oil-bath  to  140°  and  when  the  anhydride  has  melted  a  moder- 
ately rapid  stream  of  ammonia  gas  is  passed  over  the  surface  of  the  liquid.  There  is 
immediately  a  rapid  absorption  of  gas,  and  the  temperature  of  the  bath  is  finally  raised 
to  160°  where  it  is  held  imtil  the  reaction,  which  lasts  about  2  hours  is  complete.  The 
phthalimide  solidifies  in  the  flask  and  is  easily  purified  by  crystallization  from  hot  water. 

Condensation  of  PhthaUmide  with  Formaldehyde.  The  Formation  of  Hydrozy- 
methyl-phthalimide,  C<H4(CO)2N  CHsOH 

Sachs"  states  that  this  primary  alcohol  is  formed  when  phthalimide  (10  g.)  is 
heated  with  10%  formaldehyde  solution  (25  cc.)  in  a  sealed  tube  at  100°  but  no  state- 
ment is  made  regarding  the  yield  obtained.  It  was  found  by  experiment  that  heating 
under  pressure  is  unnecessary  and  that  phthalimide  is  converted  almost  quantitatively 
(90-93%)  into  hydroxymethyl-phthalimide  when  digested  under  a  reflux  condenser  with 
an  excess  of  10-15%  formaldehyde  solution.  Cautious  evaporation  of  the  filtrate  after 
the  reaction  is  complete,  as  reported  by  Sachs,  is  not  necessary  as  the  hydroxjrmethyl- 
phthalimide  is  very  insoluble  in  cold,  dil.  formaldehyde  solution.  The  alcohol  is  ob- 
tained easily  in  pure  condition  in  the  following  manner.  The  finely  pulverized  phthali- 
mide obtained  from  100  g.  of  phthalic  anhydride  is  suspended  in  a  solution  of  80  cc  of 
40%  formaldehyde,  200  cc.  of  water  is  added,  and  this  then  heated  tmder  a  reflux  ccm- 
denser  at  103-108°  for  4  hours,  when  practically  all  of  the  phthalimide  will  have  dis- 
solved and  the  reaction  is  practically  complete.  The  hot  solution  is  then  filtered  if 
necessary  and'  allowed  to  cool  when  the  hydroxymethyl-phthalimide  crystallizes  in 
beautiful,  colorless  glistening  plates  melting  at  141-142°.  It  crystallizes  from  hot 
benzene  and  melts  after  purification  from  this  solvent  at  140°  which  is  the  melting  point 
recorded  by  Sachs.    The  yield  of  alcohol  is  90  g. 

Bromome^yl-phthalimide,  C6H4(CO)sNCHsBr.— This  compound  is  easily  pre- 
pared by  the  action  of  hydrobromic  acid  on  hydroxymethyl-phthtlimide.    Gabriel" 

'  Ditnlop,  Am,  Chem,  /.,  18, 332  (1896). 

•  Herzog,  Z.  oMfrar.  Chem,,  32, 301  (1919). 

*  Noyes  and  Cass,  This  Jodxnal,  42, 1282  (1920). 
!•  Kuhara,  Am.  Chem.  /.,  3, 27  (1881). 

"  Sachs,  Ber.,  31,  3230  (1898). 
"  Gabriel,  ihid.,  41, 242  (1908). 
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used  fuming  hydrobromic  acid  to  bring  about  the  change,  and  it  has  been  our  experience 
that  the  alcohol  reacts  incompletely  with  a  weaker  add.  On  the  other  hand,  if  sul- 
furic*' acid  is  added  along  with  hydrobromic  acid  the  reactivity  is  greatly  accelerated 
and  the  bromide  is  formed  smoothly  with  a  more  dilute  hydrobromic  acid.  Our  method 
of  preparing  the  halide  is  as  follows.  Eighty  g.  of  hydroxymethyl-phthalimide  is  di- 
gested for  2  hours  at  50-60°  with  150  cc.  of  hydrobromic  acid  (48%)  and  45  cc.  of  cone, 
sulfuric  acid.  The  reaction  proceeds  smoothly  and  is  productive  of  a  thick  magma  of  the 
bromide  crystals,  which  are  separated  by  filtration  and  washed  first  with  water  and 
finally  with  dil.  aqueous  ammonia  to  remove  all  add  present  and  then  dried  at  80°. 
The  yidd  in  about  75  g.;  m.  p.  146-147°.  Recrystallization  of  the  halide  from  acetone 
gives  a  product  mdting  at  148  °  or  at  the  same  temperature  as  assigned  by  Sachs.  *  ^ 

Analyses.  Calc.  for  CtH«OiNBr:  N,  5.83;  Br,  33.3.  Found:  N.  5.97.  5.98;  Br, 
33.4. 

When  prepared  according  to  the  above  method  bromomethyl-phthalimide  is  ob- 
tained as  a  colorless  crystalline  powder  which  has  a  slightly  irritating  action  on  the  eyes. 
It  gradually  decomposes  on  standing  at  ordinary  temperature  in  moist  air  with  the  liber- 
ation of  bromine  and  discoloration  of  the  product.  It  is  decomposed  easily  by  water 
with  formation  of  the  corresponding  alcohol.  Bromine  is  given  off  when  the  compound 
is  exposed  to  ultra-violet  light  and  it  also  suffers  decomposition  when  warmed  with 
nitric  add.  The  bromide  can  be  cn^stallized  from  hot  glacial  acetic  add,  but  long  heat- 
ing leads  to  its  destruction  with  the  liberation  of  bromine. 

Sachs^^  prepared  this  halide  by  direct  brominatton  of  methyl-phthalimide, 
C«H4(C0)tN'CHt,  at  160°.  While  this  method  enables  one  to  obtain  the  compound  it  is, 
however,  an  extremdy  tedious  process  and  the  yidds  are  very  unsatisfactory.  Further- 
more, the  quality  of  the  product  is  poor.  An  attempt  was  made  to  improve  the  method 
by  introducing  iron  as  a  catalyst,  but  the  bromination  was  not  accomplished  successfully 
under  such  conditions. 

The  Action  of  Ethyl  Alcohol  on  Bromomethyl-phthalimide 
Phtfaalhnido  Methyletfayl  Ether,  C«H4(C0)sNCHs0CsHs— Sachs  "prepared 
this  ether  by  the  action  of  potassium  cyanide  or  potassium  iodide  on  bromo-methyl- 
phthalimide  in  alcohol  solution.  The  introduction  of  potassium  salts  is  absolutdy 
unnecessary  here  and  the  compound  is  formed  smoothly  by  simply  warming  the  bromide 
with  alcohol.  Two  g.  of  the  bromide  was  digested  with  20  cc.  of  absolute  alcohol 
for  3  hours.  After  evaporation  of  the  solvent  and  recrystallization  of  the  reaction 
product  from  acetone  the  ether  was  obtained  in  the  form  of  long  needles  melting 
at  86°.  This  corresponds  to  the  mdting  point  assigned  by  Sachs.  This  same  ether 
is  also  obtained  by  treatment  of  the  bromide  in  alcohol  solution  at  ordinary  temperature 
with  sodium  ethylate.  The  change  is  not  a  quantitative  one,  however,  and  partial 
hydrolysis  takes  place  leading  to  the  formation  of  phthalic  add. 

The  Action  of  Chloromethylethyl  Ether  on  the  Potassium  Salt  of  Phthalimide 
The  Formation  of  Phthalimido  Methylethyl  Ether,  C«H4(C0)2N  CHsOCiH».— 
In  the  bromination  of  methyl-phthalimide  Sachs"  represents  the  substitution  of  halogen 
as  taking  place  in  the  methyl  group  giving  a  primary  halide,  C«H4(CO)iN'CHtBr. 
The  possibility  that  an  isomeric  compound  of  entirdy  different  structure  might  be 
formed  here  was  not  considered  by  him.  If  one  assumes  that  both  phthalimide  and  its 
methyl  derivative  interact  with  bromine  in  an  analogous  manner,  namdy,  by  addition 
of  halogen  to  nitrogen  with  formation  primarily  of  pentavalent  compounds,  it  is  con- 
cdvable  that  this  monobromo  derivative  of  methyl-phthalimide  may  have  an  entirdy 

1'  Kamm  and  Adams,  This  Journal,  42,  299  (1920). 
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different  constittttion  from  that  assigned  to  it  by  Sachs  and  Gabriel.  Theoretically,  the 
addition  product  might  dissociate  with  formation  of  an  unsaturated  derivatiye  such  as  is 
represented  below  in  Formula  VI.  If  such  a  combination,  or  its  rearrangement  product 
(Formula  VII),  is  formed  the  constitution  would  not  be  revealed  necessarily  by  re- 
action with  sodium  ethylate.  The  interaction  might  be  expected  to  lead  to  the 
formation  of  an  ethoxy  derivative  having  an  entirely  different  constitution  from  that 
assigned  to  the  ethyl  ether  described  above,  but  such  data  should  be  accepted  with 
caution  as  it  has  already  been  shown  that  phthalimido  derivatives**  are  very  susceptible 
to  isomeric  change  in  the  presence  of  sodium  ethylate  and  also  that  intramolecular 
rearrangements  can  be  brought  about  easily  in  organic  combinations  containing  the 
grouping  — ^N=CHt." 

/Br 

C.H4(C0),NH  +  Br,  =  C.H4(CO),N— H  — ►  HBr  +  Cai4(C0)rNBr 

\Br 

/Br  /Br 

C«H4(CO),N.CHi  +  Br.-C«H.(CO)iN— CH,  — ►  HBr  +  CH4(CO)2N 

\Br  V:h, 

JBr  COBr 

Cai4(CO),N4  By  rearrangement  ^  / 

^CH,  CON:CH, 

VI  vn 

I  (NaOCHs)  I  (NaOCja.) 

CO        /OCH,  CO'OCtH, 

CeHZ        >N<^  Cai< 

XO  CH,  ^CONrCH, 

In  the  light  of  these  considerations  it  was  important,  therefore,  to  establish  the  struc- 
ture of  the  ethyl  ether  by  direct  synthesis.  This  is  easily  accomplished  by  allo¥rang  the 
potassium  salt  of  phthalimide  to  react  with  chloromethylethyl  ether  ClCHgOCtHi. 
Fifteen  g.  of  the  potassium  salt  and  10  g.  of  the  chloro  ether  dissolved  in  50  cc.  of  dry 
benzene  were  digested  on  a  steam-bath  for  5  hours.  The  potassium  salt  slowly  dis- 
appeared and  potassium  chloride  separated.  On  evaporating  the  solvent  the  ethyl 
ether  was  obtained  in  the  form  of  an  oil  which  solidified  immediately  on  cooling.  After 
recrystallization  from  alcohol  it  melted  sharply  at  86**,  and  proved  to  be  identical  with 
the  ether  described  above.    The  yield  was  practically  that  calculated. 

Phthalhnidometfayl  Thiocyanate,  C6H4(CX))tNCHsSCN.— The  fact  that  bromo- 
methyl-phthalimide  reacts  like  an  acid  halide  and  is  easily  decomposed  by  warming  with 
alcohol  with  formation  of  hydrobromic  add  suggested  that  it  would  interact  also  with 
potassium  thiocjranate  to  form  an  isothiocyanate  or  a  mustard  oil.  We  now  find  that 
the  reaction  proceeds  in  the  reverse  order  and  is  productive  of  a  rhodanide  or  normal 
thiocyanate.  This  compound  is  obtained  eanly  by  interaction  of  potassium  thiocyanate 
with  bromomethyl-phthalimide  in  acetone.  Alcohol  cannot  be  used  as  a  solvent  on  ac- 
count of  its  reactivity  towards  the  bromide.  Ten  g.  of  the  bromide  was  dissolved  in 
50  cc.  of  dry  acetone  and  4  g.  of  potassium  thiocyanate  added  to  the  solution.  There 
was  an  immediate  reaction  with  precipitation  of  potassium  bromide.  After  heating 
for  2  hours  on  a  water-bath  and  then  filtering  hot  to  separate  undissolved  potassium 

1*  Gabriel  and  Colman,  Ber„  33,  981  (1900). 
»•  Unpublished  data  (T.  B.  J.). 
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bromide  and  potassium  thiocyanate  the  acetone  solution  was  concentrated  by  evapora- 
tion and  finally  cooled  when  the  thiocyanate  separated  in  the  form  of  glisteniiig  plates. 
These  were  separated  by  filtration  and  the  compound  recrystallized  from  acetone  when 
it  melted  at  147-148  ".    The  substance  gave  a  strong  test  for  sulfur. 

Analyses.     Calc.  for  CioH«0,N,S:  N,  12.85.     Found:   12.85,  12.6. 

This  new  thiocyanate  crystallizes  from  acetone  in  yellow  plates  and  its  vapor  is 
extremely  irritating  to  the  eyes,  causing  a  burning  sensation  and  inflammation  of  the  eye^ 
balls.  That  the  compound  has  not  the  structure  of  an  isothiocyanate  is  shown  by  its 
failure  to  react  with  aniline  or  ammonia  to  form  thio-urea  combinations.  The  compound 
is  also  not  desulf  urized  by  action  of  aqueous  lead  acetate. 

The  Action  of  Potassium  Cyanide  on  Bromomethyl-phthalimide  in  Acetone  Solution 

Sachs  investigated  the  action  of  potassium  cyanide  on  this  halide  and  applied  the 
reaction  in  alcohol  solution  without  success.  Instead  of  obtaining  the  corresponding 
nitrile  the  ethyl  ether  was  formed  by  interaction  of  the  bromide  with  alcohol.  In  order 
to  avoid  this  action  of  alcohol  we  applied  the  reaction  with  potassium  cyanide  in  acetone, 
but  here  again,  to  our  surprise,  we  obtained  only  abnormal  results.  For  example,  a 
mixture  of  5  g.  of  bromomethyl-phthalimide  and  2  g.  of  finely  pulverized  potassium 
C3ranide  was  added  to  25  cc.  of  acetone;  the  mixture  was  digested  for  8  hours  on  a  steam- 
bath  and  finally  allowed  to  cool.  The  insoluble  material  was  then  separated  by  filtration 
and  triturated  with  cold  water  to  remove  inorganic  salts  when  1.5  g.  of  a  crystalline 
organic  product  was  obtained  which  proved  to  be  phthalimide.  More  of  this  same 
reagent  was  found  in  the  acetone  filtrate  and  when  crystallized  from  alcohol  melted  at 
228-230*^.  We  obtained  no  evidence  of  the  formation  of  a  nitrile.  Exactly  the  same 
result  was  obtained  when  potassium  iodide  was  incorporated  with  potassium  cyanide  as 
a  catalyst. 

Analyses.    Calc.  for  CeHftOiN :  N,  9.52.    Found:  9.60,9.4. 

lodomethylphthalimide,  CiH4(C0)sNCH,I.— Gabriel  states^'  that  this  iodide 
can  be  prepared  by  dissolving  the  corresponding  alcohol  in  strong  hydriodic  acid. 
Sachs^^  failed  to  obtain  the  compound  by  allowing  potassium  iodide  to  act  on  bromo- 
methyl-phthalimide in  alcohol,  the  corresponding  ether  being  formed  instead.  This 
latter  reaction  can  be  brought  about  successfully  when  acetone  is  used  as  a  solvent  in  place 
of  alcohol.  Ten  g.  of  the  bromide  and  7  g.  of  potassium  iodide  interacted  in  acetone 
solution  completely  after  warming  on  the  steam-bath  for  2  hours.  On  concentrating  the 
acetone  solution  and  cooling,  the  iodide  separated  in  a  crystalline  condition  and  after 
crystallization  from  ethyl  acetate  melted  at  150°.  This  halide  is  a  colorless  crystalline 
substance  which  slowly  decomposes  at  ordinary  temperature  and  assumes  a  dark  brown 
color  due  to  separation  of  iodine.  It  is  decomposed  immediately  by  action  of  nitric 
acid  at  ordinary  temperature  with  liberation  of  iodine. 

Analysis.    Calc.  for  C»H.OfNI :  N,  4.9.    Found:   5.1. 

Potassium  cyanate  and  potassium  nitrite  failed  to  react  with  bromomethyl-phthali- 
mide when  heated  with  the  latter  reagent  in  acetone  solution. 

The  Action  of  Bromomethyl-phthalimide  on  the  Sodium  Salt  of  Ethyl  Aceto-acetate 
In  our  preliminary  study  of  this  reaction  we  always  operated  with  units  of  11  g.  of 
the  ^ketone  ester  and  20  g.  of  the  bromide.  The  reaction  was  also  applied  several  times 
but  for  purposes  of  description  the  results  of  only  one  experiment  will  be  recorded  in 
detail.  The  method  of  operating  was  as  follows.  Two  g.  of  sodium  was  dissolved 
in  70  cc.  of  absolute  ethyl  alcohol  and  the  sodium  salt  of  ethyl  aceto-acetate  prepared 
in  the  usual  manner  by  dissolving  1 1  g.  of  the  ketone  ester  in  this  alkaline  solution.  The 
alcohol  solution  of  the  sodium  salt  was  then  cooled  to  room  temperature,  20  g.  of  finely 
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pulverized  bromometbyl-phthalimlde  added  to  this  at  once,  and  the  flask  immersed 
immediately  in  ice  water.  There  was  an  immediate  reaction  with  evolution  of  heat 
and  the  bromomethyi-phthalimide  gradually  dissolved.  Within  a  short  time  the 
alcohol  acquired  a  turbid  appearance  and  a  crystalline  precipitate  began  to  de- 
posit. The  temperature  of  the  solution  did  not  rise  above  60  "*  throughout  the  opera- 
tion and  on  standing  the  reaction  was  easily  brought  to  completion,  giving  a  solution 
perfectly  neutral  to  litmus.  The  intensity  and  velocity  of  this  reaction  are  revealed  by 
reference  to  Table  I. 

Table  1 


ime  of  reaction 

Temperature 

Time  of  reaction 

Tempei 

Min. 

•c. 

Min. 

•c. 

Start 

23 

7 

48 

2 

44 

11 

45 

3 

50 

36 

23 

5 

59 

When  the  reaction  was  complete  the  solid  material  was  separated  by  filtration  and 
after  drying  at  100  ^  weighed  18  g.  On  triturating  this  with  cold  water  we  extracted  6  g. 
of  sodium  bromide  while  the  calculated  amount  possible  from  the  reaction  would  be 
8.2  g.  The  colorless  crystalline  material  insoluble  in  cold  water  (12  g.)  was  apparently 
a  pure  substance  and  was  identified  as  phthalimide  melting  at  228-230  ^.  The  calculated 
yield  of  the  imide  would  be  16  g. 

Analysis,    Calc.  for  CgHtOiN:  N,  0.53.     Found:  9.4. 

The  alcohol  filtrate  above  was  heated  under  diminished  pressure  at  100°  to  remove 
all  excess  of  ethyl  alcohol  when  a  dark  colored  oil  was  obtained  which  deposited  on  cool- 
ing more  sodium  bromide  and  phthalimide.  About  1  g.  of  the  imide  was  recovered  in 
this  manner  bringing  the  total  yield  to  13  g.  or  81.3%  of  the  calculated  amount.  This 
oil  was  triturated  with  water  to  remove  sodium  bromide  and  finally  extracted  with  ether. 
After  drying  and  evaporation  of  the  ether  we  obtained  10  g.  of  a  dark  viscous  oil  which 
gave  only  a  slight  coloration  with  ferric  chloride  solution,  and  could  not  be  heated  to  its 
distillation  temperature  under  diminished  pressure  without  decompositon.  That  the 
oil  did  not  contain  an  appreciable  amount  of  unaltered  ethyl  aceto-acetate  was  evidenced 
by  the  fact  that  no  trace  of  2-thio-4-methyluracil  was  formed  by  digestion  of  a  fraction 
of  the  oil  with  thio-urea  and  sodium  ethylate  in  absolute  alcohol.  ^"    This  oil  is  apparently 

NH— CO 

I  I 

CHaCOCHjCOOCaHs  +  CS(NHOi  =  SC         CH  +  H,0  +  C,H*OH 

I  II 

NH— CCH, 

a  mixture  of  at  least  two  products  one  of  which  is  soluble  in  cold  aqueous  alkali  and 
the  other  insoluble.  All  attempts  to  obtain  a  definite,  constant-boiling  product  by 
distillation  under  diminished  pressure  were  unsuccessful  on  account  of  decomposition 
below  the  temperature  of  distillation. 

Applicction  of  the  Reaction  in  Benzene. — Using  exactly  the  same  proportions  of 
sodium,  and  ethyl  aceto-acetate  as  described  in  the  preceding  experiment,  the  sodium 
salt  of  the  ketone  ester  was  prepared  by  interaction  of  these  reagents  in  boiling  benzene. 
When  the  formation  of  salt  was  complete  the  bromide  (20  g.)  was  added  and  the  reaction 
brought  to  completion  by  heating  on  the  water-bath  for  6  hours.  The  insoluble  material 
was  identified  as  a  mixture  of  sodium  bromide  and  phthalimide  and  the  latter  was  ob- 
tained in  practically  the  same  amount  as  when  the  reaction  was  applied  in  alcohol 

»•  Johnson  and  Heyl,  Am.  Chem.  7.,  37, 628  (1907). 
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solution.  It  melted  at  228-230°.  On  evaporating  the  benzene  an  oil  was  obtained 
which  exhibited  the  same  behavior  as  the  oU  obtained  in  the  previous  experiment. 
It  could  not  be  distilled  under  diminished  pressure  without  decomposition. 

The  Action  of  Bromometfayl-phtfaalimide  on  the  Sodium  Salt  of  Ethyl  7-DieAozy- 
aceto-acetate,  (CiH»0)iCHC0CH2C00CsHi 
The  following  proportions  were  used  in  this  experiment:  2  g.  of  sodium,  70  cc.  of 
absolute  ethyl  alcohol  and  19  g.  of  the  ^ketone  ester.  The  reaction  was  carried  out  under 
exactly  the  same  conditions  as  when  ethyl  aceto-acetate  was  used  but  it  was  our  ex- 
perience that  the  change  was  much  less  vigorous.  In  fact,  in  order  to  bring  the  reaction 
to  completion  it  was  necessary  to  heat  on  the  steam-bath  for  about  3  hours  before  the 
alcohol  became  neutral  to  litmus.  The  reaction  product  was  worked  up  in  the  same 
manner  as  before  and  about  80%  of  the  calculated  amount  of  phthalimide  isolated. 
In  addition  a  viscous  oil  was  obtained  which  decomposed  when  an  attempt  was  made  to 
purify  it  by  distillation  under  diminished  pressure.  A  fraction  of  5  g.  of  this  oil  was 
digested  with  thio-urea  and  sodium  ethylate  in  alcohol  solution,  but  we  obtained  no 
evidence  of  the  formation  of  a  pyrimidine  compotmd  as  would  be  expected  if  any  un- 
altered ^-ketone  ester  were  present. 

NH— CO 
I         I 
(CH»0),CHCOCH,COOC,Hs  +  CS(NH,)t  =  SC        CH  +  H,0  +  CH»OH. 

I         II 
NH— CCH(OCiH,), 

The  Action  of  Bromo-eth:^-phthalimide  on  the  Sodium  Salt  of  Ethji   7-Diethoxy- 

aceto-acetate 
The  Formation  of  Ethyl  a-Phthalimido-ethyl-7-diethozy-aceto-acetate. — Quite 
different  was  the  behavior  of  this  halide  towards  this  sodium  salt  from  that  of  the  lower 
halide  bromomethyl-phthalimide.  The  reaction  was  carried  out  in  the  usual  way  with 
3.7  g.  of  sodium,  100  cc.  of  absolute  alcohol  and  20  g.  of  ethyl  7-diethoxy-aceto-acetate. 
The  reaction  was  extremely  sluggish  and  in  order  to  hasten  it  5  g.  of  potassium  iodide 
,  was  added  to  the  solution.  After  heating  on  the  steam-bath  for  12  hours  the  solution 
finally  became  neutral  to  litmus  and  sodium  bromide  deposited,  but  there  was  no 
evidence  of  the  separation  of  phthalimide  as  when  bromomethyl-phthalimide  was  used. 
The  alcohol  was  removed  by  distillation  under  diminished  pressure  and  the  oil  finally 
extracted  with  ether,  washed  with  water  and  dried  over  sodium  sulfate.  After  removal 
of  the  ether  we  obtained  31  g.  of  a  light  red  viscous  oil  which  gave  a  strong  test  for  nitro- 
gen, and  when  subjected  to  distillation  under  diminished  pressure  decomposed  with 
formation  of  a  black,  tarry  mass.  The  crude  oil  was  therefore  carefully  freed  from  the 
last  traces  of  ether  by  heating  in  a  high  vacutun  at  100^  and  then  analyzed  for  nitrogen. 
The  analysis  gave  results  which  indicated  that  the  bromide  had  reacted  normally  with  the 
sodium  salt  of  the  ketone  ester  giving  the  desired  condensation  product 
(CH«0)«CHCOCH  COOCH, 

I 
H,CCH,N(C0),C«H4 

Analysis.     Calc.  for  CtoHsiOrN:  N,  3.56.     Pound:  3.24. 

Summary 
1.    An  improvement  in  the  method  of  preparation  of  bromomethyl- 
phthalimide  has  been  described,  and  a  description  given  of  several  new 
derivatives  of  methyl-phthalimide. 
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2.  An  attempt  has  been  made  to  use  this  halide  for  the  alkylation 
of  ethyl  aceto-acetate  and  ethyl  Y-diethoxy-aceto-acetate  but  without 
success.  The  halide  reacts  abnormally  with  the  sodium  salt  of  /3-ketone 
esters  with  formation  of  phthalimide. 

3.  The  higher  homolog,  brotno-ethyl-phthalimide,  reacts  normally 
with  /3-ketone  esters  with  formation  of  ^ylation  products  containing 
nitrogen. 

Nbw  Haven,  Connbcticut 
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Introductory 

The  Organic  Laboratory  of  Columbia  University  has  had  under  way 
for  some  time  a  number  of  investigations  in  the  thiazole  field,  the  re- 
sults of  which  it  hopes  to  publish  as  rapidly  as  opportunity  permits. 

The  plan  adopted  for  numbering  the  positions  on  the  thiazole  and  ben- 
zothiazole  nuclei  both  in  Richter's  "Lexikon"  and  in  the  Decennial  Index 
to  Chemical  Abstracts  is  as  indicated  in  Formulas  I  and  II.  This  lack 
of  uniformity  seems  to  us  highly  undesirable  and  confusing.  Therefore, 
we  have  employed  consistently  throughout  this  paper  the  numbering  given 
in  Formulas  III  and  IV,  so  that  S  is  always  in  position  1  and  N  at  3,  while 
the  C  at  2  occupies  the  pt-,  or  middle  position.  This  is  in  agreement  with 
the  system  adopted  in  the  new  (2nd)  edition  of  Meyer- Jacobson's  **Lehr- 
buch  der  organischen  Chemie.^" 


For  the  experiments  described  in  this  first  paper,  2-phenyl-benzothia- 
zole  has  served  as  initial  material,  and  from  this  interesting  substance 
various  derivatives  have  been  prepared  and  studied. 

Of  the   many  methods   of  preparing   this  compound    already  given 
in  the  literature,*  we  have  found  fusion  of  benzanilide  or  benzalaniline 
»  Vol.  II,  Part  3,  Sec.  2,  pp.  635  and  M9. 

»  Ber.,  10, 2135  (1877) ;  12, 2360  (1879) ;  13, 8. 17. 1223, 1236  (1880) ;  15, 2033  (1882) ; 
19,  1068,  1069  (1886);  23,  2476  (1890);  35,  1946  (1902);  44,  3037  (1911);  48,  1244. 
1261  (1916).  Ann,,  259,  301  (1890).  Am.  Chem.  /.,  17,  1401  (1895).  Ger.  pat. 
61,172  and  66,222;  Priedidnder,  2, 301,  302  (1891). 
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with  sulfur  the  most  satisfactory.  This  is  the  more  economical  and  ex- 
peditious method,  although  the  crude  product  is  usually  slightly  colored. 

Perhaps  the  most  remarkable  physical  property  of  this  thiazole,  es- 
pecially since  it  is  an  unoxidized  sulfiu"  compound,  is  its  very  agreeable 
odor,  recalling  that  of  tea  roses  or  the  rose  geranium,  so  that  it  has  been 
known  also  as  "Rosenkdrper."  This  odor  has  not  been  encountered 
in  similar  strength  in  any  of  its  homologs  or  derivatives. 

Our  experiments  have  disclosed  another  pecuUarity,  namely,  its  failure 
to  react,  in  solution  in  carbon  disulfide,  with  aluminum  chloride,  so  that 
neither  the  Friedel  and  Crafts  nor  Gattermann-Koch  reaction  is  avail- 
able for  the  production  of  derivatives.  In  both  cases,  the  thiazole  is  re- 
covered practically  unaltered.  Further  experiments  are  under  way  in 
this  direction,  however,  as  it  has  been  shown  in  other  cases  that  carbon 
disulfide   occasionally   inhibits   these  reactions. 

It  is  difiScult  to  understand  Hofmann's  statement*  that  fuming  nitric 
acid  is  without  action  upon  2-phenyl-benzothiazole,  for  we  have  found 
that  this  compound  is  nitrated  with  the  greatest  ease  by  f tuning  nitric 
acid,  as  well  as  by  a  mixtture  of  nitric  and  sulftuic  acids,  to  give  nearly 
theoretical  yields  of  the  nitro  compound.  Hofmann*  did  nitrate  it  with 
mixed  acids  and  obtained  the  same  nitro  derivative  as  that  described 
by  us  (m.  p.  188®).  His  analysis  showed  it  to  be  a  mononitro  derivative, 
but  he  did  not  determine  the  position  of  the  nitro  group.  Naegeli*  also 
nitrated  the  compound  with  mixed  acids  with  similar  results.  He  then 
fused  this  nitro  derivative  with  potassium  hydroxide  and  from  the  melt 
separated  a  substance,  m.  p.  234-6®,  soluble  in  sodium  carbonate  solution 
which  was  re-precipitated  by  mineral  acid  and  could  be  reduced  by  tin 
and  hydrochloric  acid  to  an  amino  compound.  These  and  other  properties 
seemed  to  agree  with  those  of  p-nitrobenzoic  add  (m.  p.  238®).  He  states 
that  the  results  of  the  fusion  were  very  unsatisfactory,  the  jdeld  of  p- 
nitrobenzoic  acid  being  poor,  and  that  there  was  extensive  decomposition 
and  carbonization.  On  the  basis  of  this  result,  he  assigned  the  nitro 
group  a  position  in  the  2-phenyl  radical  para  to  the  fi-carhon  of  the  thia- 
zole nucleus.  We  have  repeated  Naegeli's  experiments  with  the  nitro 
compound,  but  were  unable  to  isolate  any  crystalline  products  from  the 
resultant  tar. 

Hofmann*  noted  that  this  nitro  derivative  could  be  readily  reduced 
to  a  crystalline  amine,  whose  hydrochloride  was  also  crystalline*  Remy, 
Crhart  and  Co.  state  that  this  hydrochloride  is  difiScultly  soluble.  The 
patent  covers  the  azo  dyes  made  from  the  amine,  although  no  data 
whatever  are  given  concerning  the  amine  itself,  or  the  method  of  its 

»  Hofmann,  Ber.,  13, 1223  (1880). 

«  NaegeH.  Bull.  soc.  ckim.,  [3]  11,  895  (1894). 

» Ger.  pat.,  57,657;  Friedldnder,  3,  760  (1896). 
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preparation.  We  have  found  that  reduction  with  tin  and  hydrochloric 
acid  occurs  smoothly  and  that  the  pure  amine  melts  at  207^  (corr.)» 
whereas  French  patent  216,086*  gives  the  melting  point  of  p-aminophenyl- 
benzothiazole  as  154^155^.  There  does  not  seem  to  be  much  doubt 
concerning  the  structure  of  the  latter  amine,  since  it  was  prepared  by 
fusion  of  a  mixture  of  aniline,  ^-toluidine  and  sulfur  at  180-250^;  and 
its  use  for  the  manufacture  of  azo  dyes  was  also  patented.^  It  has 
also  been  shown  that  the  nitration  of  amino  benzothiazoles  gives  nitro 
derivatives  with  the  nitro  group  in  the  benzothiazole  benzene  nucleus, 
and  not  in  the  2-phenyl  radical.' 

It  appeared  most  unlikely,  therefore,  that  direct  nitration  of  2-phenyl- 
benzothiazole  would  yield  a  derivative  with  its  nitro  group  in  the  2-phenyl 
nucleus.  To  prove  the  point,  the  amine  was  fused  with  caustic  alkali, 
a  reaction  which  proceeds  much  more  smoothly  than  that  with  the  corre- 
sponding nitro  derivative.  Benzoic  add  itself  was  separated  as  the 
main  product  of  this  fusion.  It  follows  from  this  that  the  amino  group, 
and  consequently  the  nitro  group,  must  have  been  on  the  benzothiazole 
nucleus  and  not  on  the  2-phenyl  nucleus. 

HtK.CH^   ^C.C«H» — >-  H,N.Cai<<f  +  C,H».COOH. 

A  single  attempt  to  isolate  and  identify  the  diamino-thiophenol,  which 
should  be  the  other  main  product  of  the  fusion,  was  unsuccessful,  and  no 
further  efforts  were  made,  since  the  absence  of  any  aminobenzoic  was 
demonstrated,  and  this  was  deemed  sufficient  proof  of  the  position  of  the 
nitro  group. 

As  5-amino-2-phenyl-benzothiazole  has  been  described  already,*  and 
is  not  identical  with  the  amine  in  question,  the  remaining  possibilities 
are  the  4-,  6-  or  7-amino  derivatives.  The  following  experimental  work 
led  to  a  choice  among  these  possibilities. 

It  has  been  observed  frequently  that  an  aromatic  amine  with  free 
para  and  ariho  positions,  when  treated  with  a  diazonium  salt  under  proper 
conditions,  will  couple  twice,  first  in  the  para  and  then  in  the  artho  position. 
Thus  the  4-  or  7-amino  compound  (V  and  Vll)  should  couple  twice,  and 
the  6-amino  derivative  (VI)  but  once, 

Y  Y       CCH. 

NHj 

V  VI 

•  Winther,  3,  379  (1910). 
'  Ger.  pat.  79,214;  Ptiedldnder,  4, 829  (1899). 
•Ger.  pat.  81,711;  Fft««Jf«fef,  4, 831  (1899). 

•  Kym,  Ber.,  32, 3634  (1899);  Oct.  pat  76,674;  Friedldnder,  4, 826  (1899). 
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With  diazotized  ^-nitro-aniline,  the  new  amine  was  found  to  couple  but 
once.  The  conclusion  that  it  was,  therefore,  the  6-amino  derivative  was 
further  corroborated  by  converting  it  into  its  benzal  derivative  and  fusing 
the  latter  with  sulfur,  when  a  benzobisthiazole  was  obtained  identical 
with  that  secured  by  Green  and  Perkin^^  from  p-phenylenediamine  di- 
thiosulfonic  acid  and  benzaldehyde,  to  which  they  assigned  Formula 
VIII, 

\s/\/\n^  cji,.c  T       cch,. 

VIII  DC 

This  benzobisthiazole  was  also  nitrated,  the  resulting  nitro  derivative 
reduced  to  the  amine  and  the  amine  fused  with  caustic  alkali.  Only 
benzoic  acid  was  isolated,  and  no  aminobenzoic,  thus  locating  the  (nitro 
and)  amino  group  on  the  middle  benzene  nucleus  (IX). 

No  dinitro-2-phenyl  derivatives  were  encountered  in  our  experiments. 
Such  compounds  have  been  described,  however,  ^^  and  from  them  diamines 
(m.  p.  192®,  208®  and  255-256®)  prepared,  as  well  as  azo  dyes  from  the 
latter." 

6-Amino-2-phenyl-benzothiazoie  methylated  imder  pressure  with  methyl 
alcohol  and  hydrochloric  acid  gave  only  the  tertiary  compound, 
but  no  quaternary  salt.  This  reaction  is  being  examined  further,  es- 
pecially in  its  bearing  upon  the  formation  and  tinctorial  properties  of  the 
thioflavines. 

By  means  of  the  Sandmeyer  reaction,  the  amino  compotmd  was  changed 
to  the  corresponding  nitrile  and  the  latter  saponified  to  the  acid  (XIII). 

Quinoline  is  stated  to  have  very  powerful  antiseptic,  antipyretic  and 
antizymotic  action,  but  is  too  toxic  and  causes  collapse.  Sulfur  in  cyclic 
union,  as  in  thiophene,  ichthyol,  etc.,  in  addition  to  its  antiseptic  and 
antiparasitic  properties,  causes  a  marked  increase  in  resorption,  resembling 
iodine  in  this  respect,  although  in  no  way  similar  to  that,  pharmacologically. 
Cyclic  compotmds  containing  substituted  sulfur  also  show  striking  anal- 
gesic properties  which  can  be  ascribed  only  to  the  entry  of  sulfur  into  such 
groups.    Quinoline,  itself,  a  strong  protoplasmic  poison,  on  fusion  with 


Hb<^^9H5N,^ 


sulfur  gives  the  so-called  ''thioquinanthrene,"  NC^Hb^^    yC9HBN,  which 

is  inert  physiologically.     In  cyclic  systems,  one  sulfur  atom  appears  to 

»  Green  and  Perkin,  /.  Chem,  Soc„  83, 1207  (1903). 

"  Ger.  pat.  60.486;  Friedldnder,  2, 903  (1891) ;  and  64,921 ;  Fnedlduder,  2, 305  (1891) . 

"  See  abo  Gcr.  pat.58,041 ;  Friedliinder,  3, 765  (1896). 
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have  much  the  same  effect  as  an  ethylene  group,  —CHtCH-^,  an  analogy 
well  illustrated  by  comparison  of  corresponding  members  of  the  benzene 
and  thiophene  series.  The  benzothiazples  (XI)  are,  therefore,  the  parallels 
to  the  quinoUnes  (X),  and  show  many  striking  points  of  similarity  in 
their  chetnical  behavior.  Hence,  the  new  add  noted  above  (XIII) 
may  show  some  of  the  valuable  properties  of  the  well-known  a-phenyl- 
cinchoninic  acid  (Cinchophen,  or  Atophan)  (XII)  as  a  remedy  for  gout. 
If  the  presence  of  sulfur  in  the  complex  should  really  prove  to  increase 
resorption,  this  should  be  a  valuable  adjtmct  to  a  uric  acid  eliminant. 
It  is  hoped  to  test  experimentally  its  therapeutic  possibilities. 
S.  COOH 

X  XI  XII  XIII 

According  to  Ciusa  and  Luzzatto^'  most  of  the  physiological  action  of 
2-phenyl-cinchoninic  add  is  due  to  the  2-phenyl  group,  and  this  appears 
to  be  borne  out  by  the  fact  that  the  following  compounds  show  practically 
the  same  effect  as  cinchophen  itself:  its  methyl  or  ethyl  (Adtrin)  esters, 
6-methyl-2-phenyl-dnchoninic  add  (Paratophan),  the  methyl  (Novato- 
phan  K)  or  ethyl  (Neocinchophen,  Novatophan)  esters  of  the  latter, 
8-methoxy-2-phenyl-cinchoninic  add  (Isatophan),  dnchophen  salicylate, 
2-phenylquinoline-4-diethyl  carbinol,  2-phenyl-/3-naphthoquinoline-7-car- 
boxylic  acid  (Diapurin),  while  cinchoninic  add,  itself,  is  inactive.  Modi- 
fications of  the  2-phenyl  group  by  substitution  of  H  by  OH,  OR  or  NRi 
groups,  seems  to  reduce  the  usefulness  of  the  drug.  The  2'-COOH  de- 
rivative prepared  by  Reissert  and  Holle^*  in  1911  is  therefore  likda  to 
show  a  different  behavior  physiologically  from  that  of  the  isomer  carrying 
the  COOH  group  on  the  other  benzene  nudeus,  even  though  the  main 
function  of  this  group  is  simply  to  render  the  complex  more  easily  solu- 
ble. No  record  has  been  found  of  any  physiological  experiments  with  the 
product  described  by  Reissert  and  Holle;  it  was  not  prepared  with  any 
such  object  in  view,  since  it  was  merely  inddental  to  a  study  of  thio- 
phthalanil. 

In  acetic  acid  solution,  2-phenyl-benzothiazole  takes  up  4  atoms  of  bro- 
mine per  mole  of  thiazole;  red  crystals  of  the  tetrabromo  addition  product 
Ci3H9NSBr4  separate.  This  behavior  parallels  that  of  the  analogous 
selenium  compound,  which  also  adds  4  bromine  atoms.    Promm  and 

1*  Ciusa  and  Luzzatto,  Atti  accad.  Lined,  [5]  22, 1,  305  (1913);  Cms.  ckm,  ikU.,  44, 
I,  64  (1914) ;  Zentr.,  1913,  II,  1318. 

'*  Reissert  and  HoUe,  Ber.,  44, 3035  (1911).. 
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/N(Br,k 
Martin^*  ass^ed  the  structure  C«H4<  5C.C«Hs  to  the  product, 

^Se(BrO/^ 

basing  this  conclusion  on  the  ease  with  which  the  bromine  could  be  dis- 
placed and  the  parent  selenazole  regenerated.  The  bromine  addition 
product  of  2-phenyl-benzothiazole  is  less  stable  than  the  corresponding 
selenazole  compound,  since  it  loses  bromine  even  on  standing  at  ordinary 
temperature.  This  is  in  line  with  the  lower  basicity  of  sulfur.  When 
heated  in  2:1  acetic  acid,  the  solution  suddenly  ttuns  colorless  and  white 
crystals  of  a  monobromo  substitution  product,  CnHgNSBr,  are  deposited 
as  the  solution  cools.  This  bromo  derivative  was  proved  to-  be  the 
6-bromo  compotmd  by  preparing  the  same  substance  from  the  6-amino 
derivative  through  the  diazo  reaction.  This  is  similar  to  the  transition 
of  benzalaniline  dibromide  to  benzal  ^-bromo-aniline  and  hydrochloric 
acid.^* 

Iodine  also  forms  an  unstable  addition  product  with  2-phenyl-benzo- 
thiazole,  from  which  sodium  thiosulfate  removes  the  halogen  quanti- 
tatively, thus  affording  a  convenient  method  of  analysis.  Unlike  the 
analogous  selenazole,  only  2  atoms  of  iodine  are  added  per  mole  of  thia- 
zole,  instead  of  4,  a  behavior  also  in  harmony  with  the  weaker  basicity 
of  sulfur.  As  this  addition  product  contains  about  50%  of  iodine  by  weight, 
it  offers  possibilities  as  an  iodoform  substitute,  since  it  may  combine  the 
action  of  nuclear  sulfiu:  with  that  of  the  iodine. 

Like  quinoline,  2-phenyl-benzothiazole  dissolved  in  toluene  adds  acetyl 
chloride  readily;  the  product  is  decomposed  immediately  by  water  or 
on  application  of  heat. 

Other  experimental  work  under  way  with  this  thiazole  relates  to  its 
reduction,  the  behavior  of  the  6-amino  derivative  when  subjected  to  such 
ordinary  aniline  reactions  as  lead  to  the  corresponding  quinoline,  the 
cinchophen  (Atophan)  (t.  e,,  from  the  6-benzalamino  derivative  and  py- 
ruvic acid),  the  phenol,  various  dyes,  etc.,  and  will  be  reported  later. 

Experimental  Part 

2-Flienyl-beiizothiazole,  CuHfNS. — (a).  From  Benzanilide. — The  Hofmann  proc- 
ess' was  employed  with  a  few  modifications.  Five  hundred  g.  of  benzanilide  and  200  g. 
of  sulfur  (2.6  equivalents)  were  fused  together  at  260-260°until  evolution  of  steam  ceased. 
The  melt  was  then  distilled  under  diminished  pressure  from  2  Pyrex  flasks  with  side  tubes 
sealed  together.  The  main  distillate  which  came  over  at  220''  at  19  mm.  was  cooled, 
pulverized  and  boiled  for  an  hour  under  a  reflux  condenser  with  one  liter  of  hot  cone, 
hydrochloric  acid.  The  yellow  acid  extract  was  filtered  hot  through  asbestos,  and  the 
filtrate  added  to  6  liters  of  cold  water.  After  the  precipitated  thiazole  was  crystallized 
from  alcohol,  it  melted  at  114°  (corr.).     Yield,  400  g.  or  76%. 

«  Fromm  and  Martin,  Ann,,  401, 1781  (1913). 
^  Hantzsch,  her.,  23,  2774  (1890). 
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(jb).  From  Benzalaniline. — This  is  also  a  modification  of  a  method  ahready  in  the 
literature. ^^  Five  hundred  g.  of  benzalaniline,  prepared  by  mixing  equal  moles  of  benzal- 
dehyde  and  aniline  and  heating  the  mixture  at  120-130  °  until  all  water  was  removed,  was 
heated  with  200  g.  of  sulfur  (2.25  equivs.)  at  250-260''  until  no  more  hydrogen  sulfide 
was  evolved,  and  the  heating  then  continued  for  2  hours  longer  under  reduced  pressure. 
The  crude  mdt,  purified  as  above;  gave  a  yield  of  pure  product  (m.  p.  114°)  amounting 
to  375  g.  or  64%.  With  either  of  the  above  methods,  when  the  temperature  rises  much 
higher  than  that  given  the  3rield  is  diminished  considerably.  Distillation  under  dimin- 
ished pressure  is  the  quickest  way  to  secure  a  colorless  product,  but  is  troublesome. 
The  substance  obtained  by  extracting  the  crude  melt  directly  with  hot  cone,  hydro- 
chloric add,  when  purified  as  indicated  above,  mdts  at  practically  the  same  point  (114°), 
although  it  often  has  a  pale  yellowish  cast.  For  most  purposes,  therefore,  the  unds- 
tilled  prtxiuct  is  entirdy  suitable. 

The  second  method  has  been  found  to  be  the  more  rapid,  economical  and  convenient, 
although  the  crude  product  from  benzanilide  is  apt  to  be  rather  lighter  in  color. 

6-Nitro-2-phenyl-benzothiazole,  CuHgNSCNOi).— After  21  g.  (0.1  mole)  of  the 
thiazole  was  added  slowly  to  150  cc.  of  fuming  nitric  add  (sp.  gr.  1.60),  the  solution 
was  allowed  to  stand  for  half  an  hour  and  then  potu-ed  into  500  cc.  of  cold  water.  The 
predpitated  nitro  derivative  was  collected  and  crystallized  from  glacial  acetic  add. 
M.  p.  188'  (corr.).    Yidd,  24  g.,  or  94%. 

In  another  series  of  experiments  we  followed  in  the  main  the  process  of  Naegdi.* 
Twenty  one  g.  of  the  thiazole  was  dissolved  in  100  cc.  of  cone,  sulfuric  add.  This  solu- 
tion was  stirred  and  the  temperature  kept  at  75°  while  a  mixture  of  15  g.  (0.12  mde) 
of  cone,  nitric  add  and  20  g.  of  cone,  sulftuic  add  was  added  drop  by  drop.  The  stirring 
was  continued  for  half  an  hour  after  all  of  the  nitric  add  had  been  added.  Then  the 
mixture  was  heated  at  100°  for  an  hour,  allowed  to  cool,  poured  into  1500  cc.  of  cold 
water,  the  predpitate  collected  and  crystallized  from  glacial  acetic  add  as  yellow  needles, 
m.  p.  188°  (corr.) ;  3ridd,  25  g.,  or  98%.  Both  Hofmann*  and  Naegdi*  give  the  mdting 
point  as  188°. 

Fusion  of  the  Nitro  Derivative  with  Caustic  Aucau. — ^Ten  g.  of  this  nitro 
compound,  20  g.  of  potassium  hydroxide  and  40  g.  of  water,  were  heated  together  for  15 
minutes  at  200-210  °.  After  cooling  the  solution,  it  was  diluted,  the  tar  removed  and  the 
filtrate  addified.  A  trace  of  colorless  solid  separated,  insuffident  to  recrystallize  or 
purify;  it  did  not  mdt  sharply  but  began  to  soften  in  the  vicinity  of  100°.  Naegdi 
believed  that  he  isolated  ^-nitrobenzoic  add  (m.  p.  238°)  from  this  material  but  we 
failed  to  confirm  this,  although  4  times  as  much  initial  material  was  used  by  us. 

6-Amino-2-phenyl-benzothiazole,  CiiH8NS(NH2),  (Formula  VI). — ^Twenty-five 
and  six-tenths  g.  (0.1  mole)  of  nitro  derivative  and  40  g.  (0.33  mole)  of  granular  tin  were 
covered  with  150  cc.  of  cone,  hydrochloric  add,  and  the  flask  warmed  to  start  the  reac- 
tion. The  reduction  proceeded  with  evolution  of  so  much  heat  that  it  was  necessary 
to  chill  the  flask.  On  completion  of  the  reduction  the  solution  was  allowed  to  cool  and 
crystals  of  the  double  tin  salt  separated.  The  mixture  was  made  strongly  alkaline,  the 
predpitated  base  collected,  washed  with  3  N  sodium  hydroxide  solution  (to  remove  tin 
salts)  and  then  with  water.  The  crude  base,  crystallized  from  aniline  and  finally  from 
toluene,  gave  colorless  needles,  m.  p.  207°  (corr.) ;  jridd,  16  g.  or  71%. 

Analyses,    Calc.  for  CisHioNsS:  N,  12.39.    Found:  12.34,  12.43. 

This  amine  is  practically  insoluble  in  water,  in  dilute  adds,  or  in  concentrated 
hydrochloric  add;  difficultly  soluble  in  methyl,  in  ethyl  or  in  i5o-amyl  alcohol,  ethyl  or 
iso-Bmjl  acetate,  chloroform,  carbon  tetrachloride,  benzene  or  toluene,  and  still  more 
difficultly  soluble  in  ether.    Dilution  with  ether  generally  predpitates  it  from  solution 

>^  Ziegler,  Ber.,  23, 2476  (1890) ;  Ger.  pat.  51,172;  Friedldnder,  2, 301  (1891). 
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in  other  solvents.  Its  alcoholic  solutions  show  a  beautiful  blue  fluorescence,  and  even 
ether  takes  up  sufficient  to  show  this  fluorescence,  too. 

AcSTYL  Dbrivativb. — ^From  the  base  and  acetic  anhydride  the  acetyl  derivative 
crystallizes  in  cubes,  m.  p.  214°  (corr.). 

Analyses.    Calc.  for  CwHuONiS:  N,  10.43.    Found:  10.49,  10.67. 

Fusion  op  thb  Amink  with  Caustic  Ai«kau. — ^Fifteen  g.  of  amine  and  60  g.  of 
moist  potassium  hydroxide  were  fused  for  15  minutes  at  as  low  a  temperature  as  possible. 
The  cool  melt  was  dissolved  in  water,  filtered,  the  filtrate  acidified,  and  the  precipitate 
crystallized  from  water.  It  melted  at  122  ^  and  was  free  from  nitrogen  and  sulfur. 
Mixed  with  pure  benzoic  acid,  the  melting  point  remained  unchanged.  Some  of  it  was 
dissolved  in  absolute  alcohol,  the  solution  saturated  with  dry  hydrogen  chloride,  and 
water  then  added.  Upon  treatment  with  sodium  carbonate  solution,  oily  droplets 
separated  which  had  the  odor  characteristic  of  ethyl  benzoate. 

^Nitrobeiizene-azo-(6-amino-2-phenyl-benzothiazole),  O1N.C6H4.N :  N.CuHtNS- 
(NHj). — ^Two  and  three-quarters  g.  of  /^-nitro-aniline  was  diazotized  and  the  solution 
poured  into  a  suspension  of  4.5  g.  of  the  aminothiazole  in  100  cc.  of  1 :  10  g.  hydrochloric 
acid.  The  mixture  was  cooled  and  stirred  for  an  hour;  then  the  brown  precipitate  was 
collected,  washed  with  water,  crystallized  from  aniline,  and  the  aniline  removed  by  dD. 
hydrochloric  add.  Red  needles,  melting  at  196°  (corr.)  were  obtained.  They  were 
difficultly  soluble  in  aniline  or  in  nitrobenzene,  and  practically  insoluble  in  most  other 
organic  solvents;  yield,  5  g.,  or  67%. 

Analyses.    Calc.  for  CwHiiOiNiS:  N,  18.67.    Found:  18.70,  18.75. 

Attsmpted  Furthbr  Coupling. — ^Two  and  three-quarters  g.  of  ^-nitro-aniline  was 
diazotized  and  allowed  to  act  upon  the  amine  as  before.  To  this  solution,  an  equal 
amount  of  diazotized  ^nitro-aniline  was  added,  while  the  temperature  was  kept  below 
5°  and  the  mixture  was  stirred  vigorously  for  half  an  hour.  The  brown  precipitate  ob- 
tained by  the  first  coupling  remained  unchanged.  The  mixture  was  then  filtered  and  the 
filtrate  divided  into  two  parts.  The  precipitate  was  washed  thoroughly  with  water  and 
crjrstallized  from  aniline,  when  it  melted  at  194-195^  (corr.).  Mixed  with  the  product 
from  the  previous  experiment,  the  melting  point  was  195 **+  (corr.).  One  part  of  the 
filtrate  from  the  brown  precipitate  was  made  alkaline,  but  no  change  was  observed. 
The  other  portion  was  added  to  an  alkaline  solution  of  phenol,  causing  an  immediate 
intense  red  color  and  the  formation  of  an  orange  precipitate  on  acidification,  which 
proved  the  presence  of  unaltered  diazo-p-nitro-aniline.  Hence,  the  original  amine 
couples  but  once. 

AcBTYL  DSRivATivie.— This  was  obtained  from  the  azo  derivative  and  acetic 
anhydride  as  golden-yellow  plates,  m.  p.  203^  (corr.). 

Analyses.    Calc.  for  Cj,H«OJ^jS:  N,  16.01.    Found:  16.01,  15.74. 

6-BenKalamhio-2-phenyl-benzotfaiazole,  CsHs.CHiN.CuHgNS.— Twenty-two  and 
six- tenths  g.  (0.1  mole)  of  aminothiazole  was  suspended  in  150  cc.  of  alcohol,  15  cc.  (0.15 
mole)  of  benzaldehyde  added  and  the  mixture  boiled  gently  for  an  hour;  the  solution 
boiled  with  bone  black,  filtered  and  cooled  gave  pale  yellow  plates,  m.  p.  151^  (corr.); 
yield,  30  g.,  or  96%. 

Analyses.    Calc.  for  CtoHitNsS:  N,  8.92.    Found:  8.98,8.81. 

It  is  practically  insoluble  in  water,  and  difficultly  soluble  in  alcohol,  ethyl  or  isaamyl 
acetate,  ether,  choroform,  carbon  tetrachloride,  acetic  add,  benzene  or  toluene. 

2,2'-Diphenyl-benzobisthiazole  (Formula  VIII).— Twenty  g.  of  this  benzalamino 
derivative  was  fused  with  10  g.  (5  equivalents)  of  sulfur  for  4  hours  at  250-60*,  and  the 
heating  then  continued  for  an  hour  longer  under  diminished  pressure.  The  cold  melt 
was  pulverized,  and  extracted  repeatedly  with  hot  cone,  hydrochloric  add.    The  add 
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extract  (200  cc.)  was  poured  into  1  liter  of  water,  and  the  precipitate  collected  and 
crystallized  from  acetic  add  giving  pale  yellow  needles,  m.  p.  235*  (corr.) ;  yield,  7  g.  or 
32%. 

Analyses.    Calc.  for  CjoHhNjSj:  N,  8.14.    Found:  8.08,8.17. 

Green  and  Perkin*®  prepared  a  diphenyl-benzobisthiazole,  from  ^-phenylenediamine 
dithiosulfonic  acid  and  benzaldehyde,  which  crystallized  from  amyl  alcohol  in  pale  straw 
colored  needles,  m.  p.  232-4**,  and  which  appears  to  be  identical  with  the  compound 
described  above. 

4-Nitro-2,2'-diphenyl-benzobisthiazole,  OSN.C20H11N2S1.-— Five  g.  of  the  above 
bisthiazole  was  dissolved  in  20  cc.  of  cone,  sulfuric  acid,  3  cc.  of  cone,  nitric  acid  added 
slowly,  the  solution  left  at  room  temperature  for  half  an  hour,  then  heated  at  100^  for 
an  hour,  cooled,  and  poured  into  200  cc.  of  ice  water.  The  yellow  precipitate  was  col- 
lected, crystallized  from  nitrobenzene,  washed  with  methyl  alcohol  (to  remove  the 
solvent)  and  dried  giving  a  yield  of  4  g.,  or  70%  of  yellow  needles,  m.  p.  262*  (corr.). 
The  substance  is  difficultly  soluble  or  insoluble  in  methyl,  ethyl  or  i^^myl  alcohol, 
ethyl  or  isoamyl  acetate,  ether,  acetic  acid  or  anhydride,  chloroform  or  carbon  tetra> 
chloride,  benzene,  toluene  or  xylene. 

Analyses.    Calc.  for  CjoHuOjNaSj:  N,  10.80.    Found:  10.93,10.95 

4-Aniino-2,2'-diphenyl-benzobisthiazole  was  prepared  by  boiling  3  g.  of  the  nitro 
compound  for  several  hours  with  3.5  g.  of  tin  and  30  cc.  of  cone,  hydrochloric  acid,  until 
the  reduction  was  complete.  The  solution  was  made  strongly  alkaline  with  sodium 
hydroxide,  the  precipitated  base  collected  on  a  filter,  crystallized  from  aniline,  the  crys- 
tals were  washed  free  from  aniline  by  dil.  hydrochloric  acid,  then  washed  with  dil. 
ammonia  and  dried  over  cone,  sulfuric  acid.  A  yield  of  2  g.,  or  72%,  of  yellowish 
needles  was  obtained;  m.  p.  285-287*  (corr.). 

Analyses.     Calc.  for  CjoHijNjS,:  N,  11.70.    Found:   11.93,  11.98. 

Acetyl  Dsrivativk. — This  was  obtained  from  the  amine  and  acetic  anhydride 
and  forms  colorless  plates,  m.  p.  250-253°  (corr.). 

Analysis.    Calc.  for  CmHuONsSs :  N,  10.47.    Found:  10.62. 

Fusion  of  ths  Aminb  with  Caustic  Alkai^i. — One  g.  of  this  amine  was  fused 
with  4  g.  of  moist  potassitmi  hydroxide  at  a  low  temperature  for  10  minutes,  the  melt 
allowed  to  cool,  dissolved  in  25  cc.  of  water,  filtered  and  the  filtrate  acidified  with 
hydrochloric  acid.  The  precipitate  obtained  was  removed  and  crystallized  from  water. 
It  proved  to  be  benzoic  acid  (m.  p.  122°).  The  filtrate  was  neutralized  with  ammonia, 
evaporated  to  dryness  on  the  water-bath,  the  residue  warmed  with  6  cc.  of  acetic  an- 
hydride, the  solution  filtered  through  glass  wool,  and  the  filtrate  carefully  diluted. 
No  acetamino-benzoic  acid  was  obtained.  Therefore  the  amino  group  must  have  been 
on  the  central  benzene  nucleus  and  not  on  either  the  2-  or  2 '-phenyl  nucleus. 

6-Dimethylamino-2-phenyl-benzothiazole,  (CHa)jN.CiiH8NS. — Ten  g.  of  6-amino- 
2-phenyl-benzothiazole,  6  cc.  of  cone,  hydrochloric  add  and  20  cc.  of  absolute  methyl 
alcohol  werejheated  together  in  a  sealed  tube  at  175°  for  24  hoturs.  The  tube  then 
contained  a  red  viscous  liquid  which,  on  standing,  deposited  reddish-brown  needles 
which  were  recrystallized  from  acetone  and  then  melted  at  185  (corr.);  yield,  4  g.,  or 
36%. 

Analyses.    Calc.  for  Ci»Hi4N,S:  N,  11.03.     Found:   11.21,11.11. 

No  methyl  chloride  addition  product  was  fotmd. 

2-Phenyl-benzothiazole  Tetrabromide,  CuH»NSBr4. — ^Ten  g.  of  2-phenyl-benzo- 
thiazole  was  dissolved  in  250  cc.  of  acetic  acid,  10  cc.  of  bromine  (2  molec.  equivalents) 
added,  the  mixttu-e  shaken  vigorously  for  10  minutes  and  allowed  to  stand  for  half  an 
hour.    Red  needles  separated  which  were  collected  and  dried  over  potassium  hydroiide 
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in  vacuo.  The  compound  is  quite  unstable,  giving  off  bromine  on  standing.  The 
ciystals  were  therefore  dried  for  only  half  an  hour.  The  substance  melted  in  the 
neighborhood  of  125^,  with  considerable  decomposition;  yield,  15  g.,  or  60%. 

Analyses,  Calc.  for  CuHjNSBri:  N,  2.64;  Br,  60.22.  Found  N,  2.68,  2.80; 
Br.  59.95. 

Bromine  was  determined  by  adding  the  sample  to  a  very  dilute  sodium  hydrogen 
sulfite  solution,  filtering  out  the  liberated  2-phenyl-benzothiazole,  addifjring  the  filtrate 
and  precipitating  the  bromine  ion  as  silver  bromide. 

6-Bromo-2-phenyl-benzothiazole,  Br.Ci^HsNS. — In  a  subsequent  experiment 
for  the  preparation  of  the  above  tetrabromide,  the  acetic  acid  solution  of  the  thiazole 
(10  g.)  and  bromine  (10  cc.)  was  diluted  with  150  cc.  of  water  and  warmed  Lo  complete 
the  solution.  The  effect  of  this  dilution  and  warming,  however,  caused  a  sudden  change 
in  the  course  of  the  reaction;  the  red  color  of  the  solution  disappeared,  with  evolution  of 
bromine,  and  a  colorless  solid  separated  which  crystallized  in  plates  as  the  material 
cooled.  These  were  recrystallized  from  acetic  acid,  and  proved  to  be  a  monobromo 
substitution  product,  m.  p.  152®  (corr.) ;  jrield,  13  g.,  or  94%. 

Analyses.  Calc.  for  CnHgNSBr:  C,  53.79;  H,  2.78;  N,  4.83;  S,  11.05;  Br,  27.55. 
Found:  C.  54.44;  H,  3.03;  N,  4.79;  S,  11.08;  Br,  27.28. 

The  results  of  nitration  led  us  to  infer  that  the  bromine  also  had  entered  Position  6 
on  the  nucleus.  In  order  to  confirm  this  conclusion  11.3  g.  (0.05  mole)  of  the 
6  amino  derivative  was  suspended  in  a  mixture  of  50  cc.  of  water  and  10  cc.  of  cone, 
sulftuic  add  at  0®,  and  4  g.  of  sodiUm  nitrite  (0.05  mole)  dissolved  in  20  cc.  of 
water  added  slowly  while  the  mixture  was  cooled  and  stirred  mechanically.  When 
the  diazotization  was  completed,  25  g.  of  potassium  bromide  was  added  and  then 
(very  slowly)  10  g.  of  copper  powder.  The  ice-cold  solution  was  gradually  heated  to 
boiling  and  kept  at  this  temperature  for  half  an  hour;  then  it  was  cooled,  the  predpitated 
bromo  derivative  collected  and  crystallized  twice  from  acetic  add,  when  it  mdted  at 
152"  (corr.).  Mixed  with  the  compound  obtained  above  from  the  tetrabromide,  the 
mdting  point  remained  unaltered;  3ridd,  3  g.,  or  21%. 

Analysis.    Calc.  for  CwHgNSBr:  N,  4.83.    Found:  4.89. 

2-Phen3^-benzothiazole-di-iodide,  CiiH»NSl2. — ^Twenty-one  and  one-tenth  g. 
(0.1  mole)  of  2-phenyl-benzothiazole  was  dissolved  in  acetic  add  and  a  solution  of 
50.8  g.  (0.2  mole)  of  iodine  in  the  same  solvent  was  added.  The  mixture  was  shaken 
for  half  an  hour  and  then  allowed  to  stand  for  several  hours.  A  trace  of  crystalline 
material  separated.  An  additional  21.1  g.  of  thiazole  was  then  introduced.  The 
solution  soon  deposited  a  large  amount  of  glistening  black  needles,  which  were  removed, 
washed  with  acetic  add,  then  with  water,  and  dried  over  potassium  hydroxide  tmder 
diminished  pressure,  when  they  mdted  at  84.5°  (corr.) ;  jridd,  78  g.,  or  85%. 

Analyses,    Calc.  for  CuHi^vTSI,:  1,54.58.     Found:  55.05,54.98. 

This  addition  product  is  quite  unstable,  and  sodium  thiosulfate  removes  its  iodine 
quantitativdy. 

6-Cyano-2-phenyI-benzothiazole,  NC.CuH«NS. — Fifty  g.  of  cupric  sidfate  penta- 
hydrate  was  dissolved  in  100  cc.  of  warm  water,  a  solution  of  55  g.  of  potassium  cyanide 
in  100  oc.  of  water  was  added,  the  mixture  was  heated  to  boiling  and  a  suspension  of  the 
diazotized  amine  (prepared  by  adding  a  solution  of  14  g.  of  sodium  nitrite  in  50  cc  of 
water  to  a  suspension  of  45.3  g.  of  amine  in  a  mixture  of  150  cc.  of  water  and  50  cc.  of 
hydrochloric  add  and  stirring  for  half  an  hour)  added  very  slowly  with  active  stirring. 
The  mixture  was  boiled  for  half  an  hour  longer,  cooled  and  the  predpitated  nitrile 
collected.  It  is  difficultly  soluble  or  insoluUe  in  ethyl  or  isoamyl  alcohol  or  acetate, 
benzene,  toluene  or  xylene,  nitrobenzene,  acetic  acid,  chloroform  or  carbon  tetrachloride, 
and  no  good  crystallizing  medium  was  found  for  it. 
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2-Phen3^-beiizot]iiazole-6-carbozylic  Acid,  (Formula  XIII),  CuHgNS.COOH.— 
The  crude  nitrile  obtained  above  was  boiled  under  a  reflux  condenser  with  a  mixture  of 
100  cc.  of  cone,  sulfuric  acid  and  60  cc.  of  water,  until  a  test  portion  dissolved  completely 
in  dil.  sodium  hydroxide  (about  15  hours).  The  solution  was  then  cooled,  poured  into 
2  liters  of  cold  water  and  the  precipitated  add  removed.  As  no  satisfactory  neutral 
solvent  could  be  found  for  crystallizing,  it  was  dissolved  in  dil.  sodium  hydroxide  and 
converted  into  the  methyl  ester  by  adding  50  g.  (0.4  mole;  twice  the  calculated  amount) 
of  dimethyl  sulfate  drop  by  drop,  with  simultaneous  addition  of  sufficient  dil.  sodium 
hydroxide  solution  to  keep  the  solution  faintly  alkaline.  After  stirring  the  mixture  for 
an  hour  to  insure  destruction  of  all  of  the  excess  of  dimethyl  sulfate  the  separated 
thiazole  methyl  ester  was  filtered  out,  dissolved  in  alcohol,  the  solution  boiled  with  bone 
black,  and  the  ester  crystallized  to  constant  melting  point,  giving  minute  prisms  of  pale 
yellowish  tinge,  m.  p.  153-154®  (corr.);  yield,  7  g.,  or  13%. 

Analyses.    Calc.  for  CijHuOjNS:  N,  5.20.    Found:  5.11.5.50. 

This  purified  ester  was  saponified  by  boiling  6  g.  of  it  with  200  cc.  of  10%  aqueous 
sodium  hydroxide  until  all  of  it  had  dissolved.  The  hot  solution  was  then  boiled  with 
bone  black,  filtered,  the  filtrate  acidified  with  hydrochloric  add,  the  predpitated 
thiazole  add  removed,  washed  and  dried  at  120®  giving  a  slightly  grayish  powder,  m.  p. 
281-263°  (corr.)  with  decomposition;  yield,  5  g.,  or  88%  calculated  to  the  ester,  or  11% 
calculated  back  to  the  original  amine. 

C.H<       >C.C.Hi 


Acetyl  Chloride  Addition  Product  of  2-Phenyl-benzotfaiazole,         CI        COCH«. 
— On  adding  5  g.  of  acetyl  chloride  to  a  solution  of  5  g.  of  2-phenyl-benzothiazole  in  25  cc. 
of  toluene,  white  leaflets  of  the  addition  product  separated,  amounting  to  5  g.  (73%). 
The  substance  lost  the  acetyl  chloride  very  easily  when  it  was  warmed,  so  that  the  melt- 
ing point  obtained  is  that  of  the  thiazole  itsdf  (1 14  ®) . 

It  was  analyzed  by  agitating  it  with  water,  filtering  out  the  predpitated  thiazole, 
and  determining  the  chlorine  in  the  filtrate  with  silver  nitrate. 

Analyses,    Calc.  for  CibHwONSCI:  CI,  12.24.    Found:   11.98,12.19. 

Summary 

1.  An  improved  method  is  given  for  the  preparation  of  2-phenyl- 
benzothiazole  in  considerable  quantities. 

2.  The  product  obtained  by  nitration  of  2-phenyl-benzothiazoIe 
is  shown  to  be  the  6-nitro  derivative  by  conversion,  through  the  amine 
and  its  benzal  derivative,  into  2,  2'-diphenyl-benzobisthiazole.  Hitherto 
the  nitro  group  has  been  assigned  position  4'  on  the  2-phenyl  nucleus. 

3.  The  position  of  the  amine  group  was  further  established  by  coupling 
it  but  once  with  diazotized  p-nitro-aniline. 

4.  Nitro  and  amino  derivatives  of  the  2,2'-diphenyl-benzobisthiazole 
were  prepared  and  the  positions  of  the  groups  determined. 

5.  2-Phenyl-benzothiazole  adds  4  bromine  atoms  directly.  The  tetra- 
bromide  lost  bromine  and  hydrogen  bromide  when  boiled  with  dil.  acetic 
acid  to  form  6-bromo-2-phenyl-benzothiazole,  which  was  also  produced 
from  the  6-amino  derivative.  With  iodine,  only  2  atoms  are  taken  up ; 
an  unstable  di-iodide  results. 
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6.  The  addition  product  of  2-phenyl-beiizothiazole  and  acetyl  chloride 
loses  acetyl  chloride  readily  when  heated  or  on  treatment  with  water. 

7.  6-Amino-2-phenyl-benzothiazole  was  changed  into  the  cyanide, 
and  the  latter  into  the  6-carboxylic  acid,  which  is  structurally  analogous 
to  Cinchophen  (Atophan),  and  which  it  is  hoped  may  show  useful  thera- 
peutic properties. 

Nbw  York,  N.  Y. 


(Contribution  from  the  Dspartmbnt  of  Chemistry,  Notrb  Dams  UNivBRSiry) 

ACETYLENE   COMPOUNDS   WITH   SILVER   PHOSPHATE   AND 

SILVER  ARSENATE 

By  p.  Bbnbdict  Obsrdobrfbr  and  J.  A.  Ni8uwi.and 

Received  January  9.  1922 

Unlike  the  mercury  and  copper  derivatives,  silver  compounds  of  acety- 
lene prepared  by  passing  the  gas  into  acid  solutions  of  various  silver 
salts  are  usually  the  explosive  acetylides  or  carbides  of  the  metal,  but 
in  the  case  of  the  phosphate  of  silver  dissolved  in  phosphoric  acid,  a  com- 
pound is  formed  that  is  very  stable. 

This  substance  prepared  by  Nieuwland  and  Maguire^  is  not  notably 
affected  by  ligh  t  and  is  not  an  aldehyde  derivative.  The  formula  3  (CjAgi) . 
2HaPO4.AgjPO4.H2O  was  apphed  to  the  substance,  but  apparent  dis- 
crepancies in  relationship  of  analytical  results  and  formula  suggested 
that  it  might  be  advisable  to  go  over  the  matter  again  with  a  view 
of  ascertaining  whether  the  original  determinations  were  correct. 

Acetylene  silver  phosphate  was  prepared  according  to  the  method  used 
by  Nieuwland  and  Maguire.  Chemically  pure  silver  nitrate  which  had 
been  recrystallized  was  treated  with  chemically  pure  dibasic  sodium 
phosphate  until  an  excess  of  the  phosphate  was  present.  The  yellow 
silver  phosphate  was  carefully  washed  by  decantation  until  all  traces  of 
disodium  phosphate  and  silver  nitrate  were  removed;  it  was  then  filtered 
by  suction  and  treated  with  a  strong  solution  of  phosphoric  add,  and  after 
all  had  dissolved,  saturated  with  purified  acetylene.  A  cream  colored 
substance  was  precipitated,  which  was  washed  10  or  12  times  by  decan- 
tation until  test  showed  absence  of  free  phosphoric  acid.  After  being 
filtered  by  suction  it  was  dried  in  an  air-bath  and  desiccator  alternately, 
tmtil  repeated  weighings  showed  no  more  loss. 

Four  analyses  were  made.  In  the  first  two  operations  the  silver  was  de- 
termined as  silver  chloride  and  the  filtrates  from  the  silver  chloride  were 
used  to  estimate  the  amount  of  phosphate  present  as  magnesium  pyro- 
phosphate. In  the  third  and  fourth  operations  the  compound  was  ana- 
lyzed electrolytically.  From  the  results  obtained  a  formula  was  cal- 
1  Nieuwland  and  Maguire,  This  Jouknal,  28, 1025  (1900). 
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Ciliated,  which  answered  to  the  following  percentages,   agreeing  very 
closdy  with  the  values  obtained. 

•  Calc:  Ag,  77.95;  PO4,  8.68.  Found:  Ag,  78.27,  77.72,  77.85,  77.02,  Av.  77.92; 
PO4, 8.49, 8.26,  Av.  8.38. 

;  The  average  Value  for  silver  differs  only  0.03%  from  the  theoretical 
value,  while  the  difference  for  PO4  is  0.2%.    The  formula  which  was 
established  on  the  basis  of  these  results  is  6(AgCCH) .  Ag2HP04. 
The  reaction  proceeds  probably  in  the  following  manner, 

•        8  Ag,P04  +  18  CH,  — >  3  [6(AgCCH) .  AgOIPO*]  +  5  H1PO4. 

This  forbiula  is  completely  at  variance  with  the  formula  calculated 
by  Nieuwland  and  Maguire.  It  seems  evident  that  they  had  not  succeeded 
in  removing  all  free  phosphoric  acid,  and  had  not  dried  the  precipitate 
carefully  enough. 

Acetylene  silver  arsenate  was  prepared  by  the  same  method  as  the  com- 
potmd  described  above,  using  the  same  precautions  to  free  the  cream  colored 
substance  from  every  trace  of  free  arsenic  acid,  and  then  from  water 
by  prolonged  drying  in  a  steam-oven  and  desiccator  alternately  until 
successive  weighings  showed  no  loss. 

The  silver  was  estimated  as  silver  chloride.  In  the  first  two  operations 
the  substance  was  dissolved  in  dil.  nitric  acid;,  in  the  next  two  operations 
it  was  dissolved  in  aqua  regia;  in  the  other  cases  it  was  dissolved  in  cone, 
nitric  acid.  In  all  there  were  made  7  determinations,  taking  the  precaution 
to  dissolve  the  precipitated  silver  chloride  in  ammonia  and  repredpitate 
it  by  nitric  acid  before  drying  and  weighing. 

In  the  estimation  of  the  arsenic  content  of  the  compound,  the  procedure 
was  in  general  the  method  worked  out  by  Gooch.  Six  determinations 
were  made  in  all.  For  the  first  duplicates  the  filtrates  from  the  silver 
chloride  precipitates  were  evaporated  to  dryness,  treated  with  hydrochloric 
add  and  water  and  then  reduced  by  potassium  iodide  and  sulfuric  add 
to  arsenious  add  according  to  the  equation,  H»As04  +  2KI  +  H3SO4  — ► 
HsAsOs  +  H2O  +  K2SO4.  After  the  Hquid  had  been  diluted  to  100  cc. 
and  then  boiled  down  to  40  cc.  to  drive  off  most  of  the  free  iodine,  the  re- 
maining free  iodine  was  cautiously  bleached  by  sulfurous  acid,  the  solu- 
tion at  once  diluted,  nearly  neutralized  with  potassiimi  carbonate,  and  com- 
pletely with  sodiimi  hydrogen  carbonate;  it  was  then  titrated  against 
a  standardized  iodine  solution,  the  starch  indicator  being  added  shortly 
before  the  end-point  was  reached  to  insiu-e  a  deep  blue  coloration. 

The  second  dupUcate  of  determinations  was  made  by  dissolving  the 
substance  in  cone,  hydrochloric  acid  to  which  1  cc.  of  cone,  nitric  add  had 
been  added,  filtering  from  the  silver  chloride  precipitates,  and  treating 
again  according  to  Gooch's  method. '  The  third  dupUcate  of  determina- 
tions was  made  according  to  the  modifications  of  Gooch's   method  by 
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Geo.  Ross  Robertson^  for  the  estimation  of  arsenic  in  arsphenamine  and 
allied  products.  In  this  case  the  silver  iodide  precipitated  by  the  addition 
of  potassium  iodide  was  not  filtered  off,  but  the  titration  was  made  after 
treating  the  mixture  as  in  the  previous  determinations. 

Calculation  of  the  molecular  formula  according  to  the  results  obtained 
for  silver  and  arsenic  presented  great  difficulties.  It  had  been  assumed 
that  a  molecule  of  silver  arsenate  might  combine  with  1,  2  or  3  molecules 
of  acetylene.  The  percentage  of  silver  found  was,  however,  in  each  instance 
too  high,  while  that  of  arsenic  seemed  to  be  too  low.  Comparison  with 
the  acetylene  silver  phosphate  compound  described  above,  as  well  as 
the  fact  that  the  acetylene  silver  arsenate  puffed  up  on  being  heated, 
pointed  to  the  possibility  of  the  compound  being  a  mixture,  and  a  calcu- 
lation made  on  this  assumption  gave  the  following  result,  with  which 
those  of  the  various  anal3rses  agreed  very  closely. 

Calc!  Ag,  69.67;  As,  13.08.    Found:  Ag,  69.46,  69.39,  69.06,  69.19,  69.83,  69.28, 
69.47,  Av.  69.38;  As,  12.68, 12.63, 12.47, 12.67, 12.72, 12.61,  Av.  12.66. 

The  average  result  for  silver  is  within  0. 19%  of  the  calculated  value; 
that  of  arsenic  within  0.48%.  The  formula  may  therefore  be  written, 
2(H>As04).Ag»As04.4C4Ag2.  The  equation  for  this  particular  reaction 
may  be  written,  2  AgsAs04  +  3(CiH,)  — >-  3  CiAg«  +  2  HjAsO*;  and  for 
the  entire  reaction  thus, 

llAgiAsO«  +  12  C)Hs  — ►  3[2(HtAsO«).Ag^s04.4  CtAg^]  +  2  HtAsO«. 

The  properties  of  acetylene  silver  arsenate  are  analogous  to  those  of 
acetylene  silver  phosphate  described  by  Nieuwland  and  Maguire.  When 
the  arsenate  was  exposed  to  direct  sunlight,  it  changed  from  a  cream 
color  to  a  purplish-violet  in  a  short  time.  In  diffused  daylight  it  took 
several  days  for  a  change  in  color  to  become  noticeable;  it  did  not  give 
up  aldehyde  as  in  the  case  of  the  acetylene  compound  of  mercuric  chromate 
prepared  by  the  authors  mentioned  above,  nor  did  it  respond  to  the  iodo- 
form reaction,  but  an  iodine  derivation  of  acetylene  was  formed,  which 
could  be  recognized  by  its  characteristic  odor.  The  compound  is  insolu- 
ble in  ammonia,  alcohol  and  ether,  but  very  soluble  in  potassium  cyanide 
with  decomposition,  acetylene  being  evolved.  When  heated  to  about 
400**,  it  deflagrated  quietly,  and  in  this  regard  it  differs,  like  acetylene 
silver  phosphate,  from  other  silver  acetylene  compounds. 

Summary 
1-  The  correctness  of  the  formula  of  acetylene  silver  phosphate  pre- 
pared and  described  by  J.  A.  Nieuwland  and  J.  A.  Maguire  was  tested, 
and  it  was  found  that  their  formula  was  defective  owing  to  the  presence 
of  free  phosphoric  acid  and  water  which  had  not  been  removed.  Analyt- 
ical results  assign  the  following  formula  to  the  compound:  6(AgCCH).- 
Ag,HP04. 

*  Robertson,  This  Jouxnai,,  43, 182  (1921). 
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2.    Acetylene  silver  arsenate  was  prepared  according  to  the  method  used 
for  acetylene  silver  phosphate.    The  analysis  of  the  compound  points  to 
the  following  formula:  2(HsAs04).Ag8As04.4C2Ag2. 
NoTRB  Damb,  Indiana 

(Contribution  from  the  Chemical  Laboratories  of  Harvard  University] 

THE  ACTION   OF  BROMINE  ON   CERTAIN   DELTA  KETONIC 
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By  E.  p.  Kohler 

Received  January  9.  1922 

When  bromine  acts  on  5-ketonic  esters  of  the  type  obtained  by  adding 
malonic  esters  to  a,fi  unsaturated  ketones  it  replaces  one  hydrogen  atom 
with  the  greatest  ease.^  In  the  cold  the  bromination  stops  sharply  at 
this  point.  If  the  reaction  is  carried  out  in  chloroform  or  carbon  tetra- 
chloride it  invariably  gives  a  mixture  of  2  isomeric  monobromo  compounds 
in  nearly  equal  amounts.  As  both  of  these  readily  lose  hydrogen  bromide 
and  form  a  cyclopropane  derivative^  -the  bromine  in  each  must  be  either 
in  the  a-  or  the  7-position.  Thus  the  only  possible  formulas  for  the  prod- 
ucts obtained  from  dimethyl-benzoyl-phenyl-propylmalonate  are, 
C|H»CHCHBrCOC«H»  CeHsCHCHiCOCOIi 

I  and  I 

CH(C0,CH,)8  CBr(COtCH,)i- 

I  II 

Since  the  7-bromo  compound  has  2  dissimilar  asymmetric  carbon  atoms, 
the  2  bromo  compounds  may  be  stereo-isomeric  forms  represented  by 
Formula  I,  or  one  may  be  a  7  derivative  and  the  other  the  a  derivative 
represented  by  Formula  II.  When  these  substances  were  first  encountered 
it  was  assumed  that  they  were  stereo-isomers  because,  on  treatment  with 
reagents  that  do  not  cause  isomeric  change,  both  gave  the  same  unsaturated 
compound.*  Later  investigations^  showed  that  this  unsaturated  com- 
pound in  reality  is  a  cyclopropane  derivative  which  in  nearly  all  respects  be- 
haves like  an  ethylenic  compound.  Although  the  cyclopropane  derivative 
might  be  formed  from  an  a-  as  well  as  from  a  7-bromo  compound,  it  never- 
theless seemed  most  probable  that  the  two  substances  were  stereo-isomers. 
As  the  substances  are  formed  in  nearly  equal  amounts  structural  isomerism 
implied  that  the  a-  and  7-hydrogen  atoms  were  replaceable  with  equal 
ease  and  if  this  were  the  case  there  seemed  to  be  no  adequate  reason 
why  the  reaction  should  stop  so  sharply  with  the  replacement  of  one  hydro- 
gen atom. 

>  Am.  Chem.  7.,  46, 482  (1911). 
«  This  Journal,  39, 1410  (1917). 
•  Ref.  1,  p.  483. 
«  Ref.  2.  p.  1404. 
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Doubt  as  to  the  validity  of  this  reasoning  arose  when  it  was  discovered 
that  while  bromination  in  methyl  alcohol  that  had  been  previously  satu- 
rated with  hydrc^en  bromide  gave  only  the  lower  melting  bromo  derivative, 
it  was  not  possible  to  transform  the  higher  into  the  lower-melting  com- 
potmd  by  digestion  with  methyl  alcoholic  hydrobromic  add.  It  was  found 
also,  that  when  the  a-position  is  blocked  with  a  methyl  group,  bromination 
under  all  conditions  gives  only  a  single  substance.  Thus,  no  isomers 
could  be  obtained  by  brominating  the  substances  represented  by  the 
formulas, 

Cai»CHCH,COC«H,  C6H,CHCH,COC«H«Br  CfH,CHCH,COC«H«OCH, 

I  I  I 

CH,C(COiCH,),  CH,C(CO,CH,),  CH,C(CO,CH,),. 

Ill  IV  V 

Very  closely  related  substances,  on  the  other  hand,  on  bromination 
under  the  same  conditions,  invariably  give  stereo-isomeric  7-bromo  com- 
pounds.   This  is  true,  for  example,   of  the  series,* 

CHiCHCHjCOCOIi  C«H»CHCH,COCeH,        C«H»CHCH,COC|H» 

I  I  I 

CHjNO,  CHjCHNOt  (CHt),CNOt. 

VI  VII  VIII 

In  view  of  these  conflicting  analogies  it  became  desirable  to  determine 
the  structure  of  the  bromine  derivatives  of  the  malonic  esters  beyond 
question.  All  attempts  to  accomplish  this  by  replacing  the  halogen 
with  other  groups  failed,  owing  to  the  ease  with  which  the  isomers  lose 
hydrogen  bromide.  Of  the  many  reagents  tried,  potassium  tiiiocyanate 
alone  in  part  replaces  the  bromine.  Unfortunately  the  structure  of  the 
resulting  thiocyanate  is  no  easier  to  determine  than  that  of  the  bromine 
compotmds  themselves. 

The  principal  difference  between  the  2  bromine  compounds  is  in  their 
behavior  on  heating.  When  the  lower-melting  isomer  is  heated  under 
greatly  reduced  pressure  it  begins  to  evolve  gas  at  about  125®,  and  above 
150®  it  decomposes  freely.  The  residue  left,  after  the  evolution  of  gas 
ceases,  consists  largely  of  a  ketolactonic  ester  whose  structure  was  estab- 
lished with  certainty.  The  reaction  by  which  this  is  formed  is  represented 
by  the  equation, 

CtiHjCHCHBrCOQHft  C,H»CH— CHCOC«H, 


> 


CH(CO|CH,),  CH— COCOiCH, 

The  low-melting  bromine  compound  must,  therefore,  be  a  7-bromo  de- 
rivative. 

*  Rcf.  2,  p.  1411. 

•  This  Journal,  38,  889  (1916). 
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The  higher-melting  bromine  compomid  is  much  more  stable^  It  does 
not  decompose  perceptibly  below  200°  and  most  of  it  can  be  tecovered 
after  it  has  been  heated  for  hours  at  225  °.  The  products  of  decompositicm 
at  this  high  temperature  indicate  deep  seated  changes.  The  substance, 
therefore,  is  probably  not  a  Y-bromo  compound.  The  evidence,  however, 
is  not  conclusive,  for  while  the  7-bromo  compounds  represented  by  For- 
mulas IX-XI  lose  methyl  bromide  on  heating,  those  represented  by  XII- 
XIV  do  not. 

CeHfiCHCHBrCOCeHs        C«H*CHC(CH.)BrCOCJI,        C6H6CHCHBrCX)G6H, 

I  I                                                    I 

CH,C(C0,CH,)2  CH(CO,CHs)»                             C(CH,),COiCH, 

DC  X                                          XI 

C«H»CHCHBrCOC«H*  C«H»CHC{CHi)BrCOCiH,  C«H»CHCHBrCOC«H» 

I  I  I 

CHjCOaCH,  CHjCOiCH.  CH,CHCO,CH,. 

XII  XIII  XIV 

The  process  evidently  depends  upon  the  ease  of  ring  formation  and  this, 
as  is  known,  is  affected  by  configuration  as  well  as  structure. 

The  matter  was  finally  cleared  up  by  the  discovery  of  a  third  mono- 
bromo  derivative.  When  the  lower-melting  isomer  (102°)^  is  heated 
with  bromine  in  chloroform  it  gives  in  addition  to  one  of  the  dibromo 
compounds  previously  described  (m.  p.  132°)  a  small  quantity  of  an  iso- 
meric compound  melting  at  120°.  The  structiu*e  of  these  two  substances 
is,  doubtless,  different,  for  while  the  former  gives  nothing  but  the  cyclo- 
propane derivative  when  it  is  boiled  with  alcoholic  potassium  iodide,* 
the  latter  on  similar  treatment  is  reduced,  first  to  a  new  monobromo 
derivative,  and  finally  to  the  ketonic  ester. 

The  monobromo  compound  (m.  p.  77°)  is  different  from  either  of  those 
previously  described.  Like  them  it  gives  a  mixture  of  isomeric  cyclo- 
propane derivatives  when  boiled  with  methyl  alcoholic  potassium  acetate, 
and  therefore  is  either  an  a-  or  a  ^y-bromo  compound.  When  heated  under 
diminished  pressure  it  behaves  exactly  like  the  isomer  that  melts  at  102°, 
losing  methyl  bromide  rapidly  at  150°  and  passing  into  the  same  keto- 
lactonic  ester.  These  two  substances  are  consequently  the  7-bromo 
compounds  represented  by  Formula  I.  and  the  isomer  that  melts  at  113° 
must  be  an  a-bromo  derivative. 

The  behavior  of  these  7-ketonic  esters  towards  bromine  may  therefore 
be  summed  up  as  follows.  In  methyl  alcohol  the  sole  product  is  one  of 
the  2  possible  stereo-isomeric  7-bromo  compounds.  In  chloroform  or 
carbon  tetrachloride  bromination  gives  a  mixtiu-e  of  approximately  equal 
amoimts  of  a-  and  7-bromo  compounds.  Since  the  reaction  stops  sharply 
with  the  replacement  of  one  hydrogen  atom  it  follows  that  a  bromine 

'  The  melting  point  previously  given  for  this  substance  was  98*.    Rcf.  2,  p.  1411. 
» Ref .  2,  p.  1413. 
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atom  in  either  of  these  positions  interferes  with  the  introduction  of  bromine 
in  the  other  one. 

Experiments 
1.  A4dition  of  Methyl  Dimethylmalonate  to  Unsaturated  Ketones. 
— ^Alkyl  malonic  esters  do  not  combine  nearly  so  readily  as  the  imsubsti- 
tuted  esters  with  a,fi  unsattu'ated  ketones.  Inasmuch,  however,  as  the 
addition  products  neither  are  capable  of  combining  with  a  second  molecule 
of  unsatmuted  ketone  to  form  dimolecular  products  nor  are  easily  hydro- 
lyzed  to  the  corresponding  acids  it  is  possible  to  use  larger  amounts  of 
condensing  agent  and  still  secure  excellent  yields.  The  procedure  adopted 
in  all  cases  was  as  follows.  A  solution  of  sodium  methylate  containing 
1  g.  of  sodium  in  the  minimal  quantity  of  dry  methyl  alcohol  was  added 
to  a  hot  cone,  solution  of  equivalent  quantities  of  the  ester  and  ketone. 
The  mixturejwas  boiled  for  an  hoiu*  and  then  allowed  to  cool  very  slowly. 
Most  of  the  addition  product  separated  in  almost  piu*e  condition.  The 
remainder,  somewhat  less  piu*e,  was  obtained  by  acidifying  and  evapo- 
rating the  filtrates.  The  products  were  purified  by  recrystallization  from 
methyl  alcohol.    The  yields  were  excellent,  generally  exceeding  95%. 

Methyl  ^-phenyl-7-benzoyl-etliylinethylmalonate,  (Formula  III). — ^The  addition 
product  obtained  with  benzal-acetophenone  crystallizes  in  needles,  is  moderately  soluble 
in  all  the  common  organic  solvents  except  petroleum  ether,  and  melts  at  121-122®. 

Analysis.    Calc.  for  dHnOj:  C.  71.2;  H,  6.2.    Found:  C,  71.1;  H,  6.4. 

Methyl  /^phenyl-7-(4-bromobenzoyl)-ethylmethylmalonate»  crystallizes  in  aggre- 
gates of  fine  needles  less  soluble  in  organic  solvents  than  the  corresponding  bromine-free 
compound.    It  melts  at  89 ^ 

Analysis.    Calc.  for  CaiHuOsBr:   C,  58.2;  H,  4.8.     Found:  C,  57.9;  H,  5.0. 

Methyl  /3-phenyl-7-(4-methoxybenzoyl)-ethyImethylmalonate,  (Formula  V). — 
The  product  obtained  by  adding  methyl  dimethylmalonate  to  benzal-/>-methoxy- 
acetophenone  crystallizes  in  fine  needles  and  melts  at  120-122®. 

Analysis.    Calc.  for  CnHwOt:   C.  68.7:  H,  6.6.    Found:   C.  68.3;  H,  6.6. 

Bromination  of  the  Methylmalonic  Ester  Addition  Products 
Two  methods  for  introducing:  bromine  into  malonic  ester  addition  prod- 
ucts were  described  in  an  earlier  paper.®  The  common  method  of  bromi- 
nating  in  a  solvent  in  which  hydrogen  bromide  is  sparingly  soluble  goes 
rapidly  and  completely  in  the  cold,  stfips  sharply  with  the  introduction 
of  one  bromine  atom  and  gives  a  mixture  of  two  isomeric  substitution 
products.  Bromination  in  methyl  alcohol  or  better  in  methyl  alcohol 
previously  saturated  with  hydrogen  bromide  proceeds  slowly  in  the  sun- 
light, requires  excess  of  bromine  and  even  then  is  incomplete,  but  invari- 
ably gives  only  a  single  bromine  compound.  Both  of  these  methods 
were  tried  with  each  of  the  foregoing  compotmds,  the  first  at  the  tempera- 
ture of  a  freezing  mixture  as  well  as  at  the  boiling  point  of  carbon  tetra- 
•  Ref.  2.  p.  1411. 
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chloride.  Each  substance  under  all  conditions  gave  only  a  single  mono- 
bromo  derivative.  The  bromo  compounds  were  purified  by  recrystal- 
lization  from  methyl  alcohol. 

Mediyl  /H^0i^3^*r-hramo-r-beiizo]^-etfaylmetliyliiisl^  (Ponnula  DC).— The 
substance  is  sparingly  soluble  in  ether,  moderately  in  methyl  alcohol  and  in  carbon  tetra- 
chloride, and  very  readily  soluble  in  chloroform.  It  crystallizes  in  stout  needlesor  prisms, 
melts  at  166-157  ^  and  when  the  temperature  is  raised  rapidly  it  begins  to  decompose  at 
about  190^ 

Analysis,    Calc.  for  CtiHnOiBr:  C,  58.2:  H.  4.8.    Found:  C,  58.0;  H.  4.9. 

Mediyl  /3-pheii^-r-br<»no-Y-(4-bromophen]i)-ethylmethylm«lonate. — ^The  single 
bromo  compound  obtained  by  brominating  the  corresponding  ester,  crystallizes  in 
needles,  melts  at  140  ^  and  when  the  temperature  is  raised  rapidly,  begins  to  decompose 
at  about  90^ 

Analysis.    Calc.  for  CuHnOiBrs:   C,  49.2;  H,  3.9.    Pound:   C,  49.2;  H,  4.0. 

Methyl  /9-phenyl-7-brQmo- 7-  (4-methozybenzo]i) -ethyfanethyfanalonate. — The 
ester  melting  at  122°  gave  under  all  conditions  a  single  bromo  compound  which 
crystallized  in  needles,  melted  at  151°  and  when  heated  rapidly  began  to  decompose 
at  about  190°. 

Analysis,    Calc.  for  CaHaOaBr:  C,  57.0;  H,  5.0.    Found:  C,  56.7;  H,  5.3. 

Replacement  of  Bromine  in  the  Monohromo  Compounds. — ^With  a  view  to  re- 
placing the  halogen  with  other  groups  and  thus  getting  substances  that  cotdd  be  manip- 
ulated without  fear  of  obtaining  cyclopropane  compounds,  the  2  isomeric  monobromo 
derivatives  of  benzoyl-phenyl-ethylmalonate  were  treated  with  amines,  cyanides, 
silver  nitrite,  silver  acetate,  alcoholates,  and  potassium  thiocyanate.  All  of  these, 
except  the  thiocyanate,  gave  under  all  conditions  by  which  they  could  be  induced  to 
react  either  a  cyclopropane  derivative  or  secondary  products  formed  from  the  cyclo- 
propane derivative.  When  the  lower-mdting  isomer  (98°)  was  digested  for  several 
hours  with  potassium  thiocyanate  in  dry  methyl  alcohol,  it  gave  a  mixture  of  the  2 
isomeric  cydopropcme  derivatives  (90%)  and  a  thiocyanate  (10%).  The  mixture  was 
separated  by  fractional  crystallization  from  a  mixture  of  ether  and  methyl  alcohol. 
The  thiocyanate  crystallizes  in  colorless  needles,  is  moderately  soluble  in  common  or- 
ganic solvents  and  melts  at  133°. 

Analysis.    Calc.  for  CiHi,OiSN:  C,  63.5;  H.  5.0.    Found:  C,  63.8;  H,  5.1. 

The  higher-melting  isomer  also  gave  a  mixture  of  cyclopropane  derivatives  and  a 
sulfur  compound,  but  the  yield  of  the  latter  was  so  small  and  its  isolation  so  difficult  that 
a  complete  separation  of  the  mixture  was  not  attempted. 

Preparation  of  a  Third  Isomeric  Bromo  Compound 

All  methods  of  direct  bromination  gave  only  2  of  the  3  possible  mono- 
bromo substitution  products  of  methyl-phenyl-benzoyl-ethylmalonate; 
but  there  still  remained  the  possibility  that  the  third  might  result  from 
reduction  of  a  more  highly  brominated  derivative.  As  was  shown  in  an 
earlier  paper'®  both  of  the  monobromo  compounds  on  further  bromination 
give  two  solid  a,7-dibrQmo  derivatives  (112°  and  94**)  along  with  con- 
siderable quantities  of  oily  products.  These  solid  products  were  reduced 
with  zinc  and  alcohol,  zinc  and  acetic  add  and  also  catalyticaUy  using 
»•  Ref.  1,  p.  484. 
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colloidal  palladium;  but  it  was  found  impossible  to  control  the  process. 
The  result  was  always  the  cyclopropane,  the  bromine-free  ketonic  ester  or, 
more  frequently,  a  mixture  of  the  two.  This  was  doubtless  due  to  the  fact 
that  the  first  step  in  each  case  was  the  removal  of  the  2  bromine  atoms 
and  the  formation  of  the  cyclopropane  derivative.  Attention  was  therefore 
directed  to  the  oil  obtained  in  brominating  the  lower-melting  isomer 
(98°).  By  allowing  a  solution  of  this  in  a  mixture  of  ether  and  petroleum 
ether  to  evaporate  very  slowly  a  third  solid  was  obtained  in  small  quanti- 
ties.   This  proved  to  be  a  7,7-dibromo  derivative. 

Methyl  /3-phenyl-7,7-dibromo-7-benzoyl-e^ylinalonate,  C«H»CHCBrsCOCeHi.— 

CH(CO,CH,)i 
The  third  solid  obtained  by  brommating  the  lower-melting  monobromo  compound, 
crystallized  in  plates  and  melted  at  126°. 

Analysis.  Calc.  for  doHuOiBrs:  C,  48.2;  H,  3.6.  Pound:  C,  47.9;  H,  3.8. 
That  this  is  neither  an  a,y  nor  a  /9,7  derivative  is  shown  by  its  behavior  towards  potas- 
sium iodide.  When  the  a,7-dibromo  compounds  are  boiled  with  a  methyl  alcoholic 
solution  of  this  reagent  they  lose  bromine  rapidly  and  pass  into  cyclopropane  deriva- 
tives.'^ Dibromo  compoimds  which  have  bromine  in  the  a»fi  positions  to  carbonyl 
likewise  lose  brbmine  very  rapidly  when  they  are  boiled  with  alcoholic  solutions  of 
potassium  iodide,  the  product  being  an  unsaturated  ketone.  The  dibromo  compound 
in  question  does  not  behave  like  either  of  these  types.  In  the  absence  of  free  add  it  is 
scarcely  affected  by  potassium  iodide.  In  the  presence  of  acetic  acid  it  is  slowly  reduced 
giving  first  a  monobromo  derivative  and  finally  the  saturated  ketonic  ester.  It  must, 
therefore,  be  the  7,7-dibromo  compound. 

Methyl  ^phenyl-r-bromo-T-benzoyl-ethylmalonate  (Formula  I). — ^A  methyl 
alcoholic  solution  of  25  g.  of  the  7,7-dibromo  compound,  10  g.  of  potassium  iodide  and 
about  0.5  g.  of  acetic  add  were  boiled  for  4  hours,  then  concentrated  by  distilling  most 
of  the  methyl  alcohol  and  poured  into  an  aqueous  solution  of  sodium  hydrogen  sulfite. 
Prom  these  organic  compounds  were  extracted  with  ether.  The  ethereal  solution  was 
thoroughly  washed  with  water  and  sodium  carbonate,  dried  over  cakium  chloride,  con- 
centrated, and  diluted  with  petroleum  ether.  That  at  once  predpitated  a  small  quantity 
of  unchanged  dibromo  compound.  The  filtrate  from  the  dibromo  compound  on  slow 
evaporation  deposited  a  mixture  of  needles  and  plates  which  was  separated  mechanically. 
The  needles,  after  recrystallization  fnnn  methyl  alcohol,  mdted  at  105^  and  were  identi- 
fied as  phenyl-benzoyl-ethylmalonate.  The  plates  after  several  recrystallizations 
from  a  mixture  of  ether  and  petroleum  ether  mdted  at  76-77°. 

Analysis.    Calc.  for  CfoHigOiBr:  C,  57.3;  H,  4.6.    Pound:  C,  57.0;  H,  4.6. 

The  new  monobromo  compound  behaves  tow&rd  reagents  exactly  like  the  two 
previously  known.  When  heated  with  potassium  acetate,  it  loses  hydrogen  bromide 
and  gives  mainly  the  cydopropane  derivative  mdting  at  72°. 

Behavior  of  the  Three  Ifomeric  Monobromo  Compounds  when  Heated. — Twenty 
g.  of  the  bromo  compound  mdting  at  102°  was  heated  under  atmospheric  pressure  in  a 
distilling  fiask  which  was  immersed  in  a  metal  bath.  The  volatile  products  were  passed 
into  a  brine  solution  which  was  cooled  in  a  freezing  mixture.  Decomposition  com- 
menced when  the  temperature  of  the  bath  reached  about  190°  and  was  comi^ete  after 
2  hours'  heating  at  190-200°.    The  volatile  products  were  hydrogen  bromide,  free 

"  Ref.  2,  p.  1413. 
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bromine,  and  methyl  bromide  which  collected  as  a  liquid  under  the  brine  and  was  iden- 
tified by  the  boiling  point. 

The  pale  yellow  residue  left  in  the  flask  partially  solidified  when  nibbed  with  methyl 
alcohol.  The  solid  after  recnrstallization  melted  at  106^  and  was  identified  as  methyl 
phenyl-benzoyl-ethylmalonate.  The  filtrate  from  this  contained  a  mixture  of  sab- 
stances  including  about  8  g.  of  a  new  substance  which  melted  at  93  **.  At  this  high  tem- 
perature the  decomposition  evidently  proceeds  in  two  directions,  one  resulting  in  the  loss 
of  hydrogen  bromide  which  reduces  a  part  of  the  bromo  compound  to  the  ketonic  ester, 
the  other  giving  methyl  bromide  and  the  compotmd  melting  at  93^. 

When  the  heating  is  conducted  under  greatly  diminished  pressure,  the  process  is 
much  cleaner.  Heated  under  8  mm.  in  contact  with  porous  plate,  the  bromo  compound 
begins  to  decompose  at  about  150^  and  the  evolution  of  gas  continues  at  a  fair  speed 
even  when  the  temperature  is  subsequently  lowered  to  125''.  Under  these  conditions 
the  yield  of  the  product  melting  at  93  **  exceeds  80%. 

Methylphenyl-benzoyl-butyrolactone-carboxylate. — ^The  substance  which  melts 
at  93  °  is  readily  soluble  in  the  common  organic  solvents  except  i>etroleum  ether.  Proa 
methyl  alcohol  it  separates  in  fine  needles  which  slowly  change  to  stout  needles  or  prisms 
if  allowed  to  remain  in  contact  with  the  mother  liquor. 

Analysis.    Calc.  for  CitHieOi:  C,  70.4;  H,  6.0.    Found:  C,  70.2;  H,  6.1. 

Although  there  could  be  little  question  as  to  the  nature  of  this  substance,  it  was 
deemed  worth  while  to  make  it  by  a  method  that  leaves  no  doubt  as  to  its  structure. 
For  this  purpose  a  methyl  alcoholic  solution  of  the  ketonic  ester  was  treated  with  the 
amount  of  potassium  hydroxide  calculated  to  hydrolyze  only  one  of  its  ester  groups. 
This  solution  became  neutral  in  the  course  of  several  hours.  An  equivalent  amount 
of  bromine  was  then  added.  This  disappeared  slowly  at  the  ordinary  temperature  and 
the  resulting  colorless  solution,  on  evaporation,  deposited  almost  the  calculated  quantity 
of  the  substance  melting  at  93®.  It  is  therefore  a  7-lactonic  ester,  and  the  bromine 
compotmd  melting  at  76®  must  be  a  7-bromo  derivative. 

The  Isomeric  Bromine  Compound  melting  at  77®,  when  heated  under  diminished 
pressure,  began  to  decompose  at  about  160®  and  continued  to  effervesce  freely  when  the 
temperature  was  lowered  to  130®.  The  yellow  melt  left  after  heating  for  2  hours  gave 
mainly  the  ketolactonic  ester  which  melts  at  93®.  This  isomer  is,  therefore,  likewise  a 
7-bromo  compound. 

the  Isomer  which  Melts  at  113®  must  be  the  a-bromo  derivative.  When  it  was 
heated  under  diminished  pressure  it  began  to  decompose  slowly  at  about  200®.  From 
the  dark  melt  left  after  2  hours'  heating  at  200-226®  more  than  half  of  the  bromo  com- 
pound was  recovered.  The  only  other  substance  isolated  was  the  bromine-free  ketonic 
ester.  The  volatile  products  were,  in  part,  condensed  in  a  receiver  that  was  cooled  in 
solid  carbon  dioxide  and  ether.  They  were  composed  mainly  of  hydrogen  bromide, 
bromine,  malonic  ester,  and  a  small  quantity  of  benzal-acetophenone  dibromide. 

Methylmethyl-phenyl-4)enzoyl-butyrolactonic-carbozylate: 
CJEIaCH— CHCOCJI* 


J  > 

^C CO 


CH,C 

I 
COiCH,. 

The  7-bromo  compounds  of  the  ketonic  esters  that  are  obtained  by  adding  esters  of 
methyl  malonic  add  to  unsattu-ated  ketones,  lose  methyl  bromide  rapidly  at  compara- 
tively low  temperatures.  The  yield  of  lactonic  ester  obtained  by  heating  the  bromo 
compotmd  represented  by  the  formula  IX  was  nearly  90%.  The  substance  oystallues 
in  needles  and  melts  at  108®. 

Analysis.     Calc.  for  C«Hi,0»:  C,  71.0;  H,  5.3.     Found:  C,  71.1;  H.  6.5. 
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Summary 

1.  When  ketonic  esters,  which  have  a  malonic  ester  residue  in  the 
/5-position  to  the  carbonyl  group,  are  brominated  in  methyl  alcohol,  the 
only  product  is  a  monobromo  compound  which  has  bromine  a  to  carbonyl. 

2.  When  the  same  esters  are  brominated  in  chloroform  or  carbon 
tetrachloride,  the  result  is  a  mixture  of  monobromo  derivatives.  In 
one  of  these  the  bromine  is  a  to  carbonyl,  in  the  other  it  is  in  the  malonic 
ester  residue. 

3.  A  third  monobromo  derivative  was  obtained  by  first  introducing 
two  bromine  atoms  a  to  carbonyl  and  then  replacing  one  of  these  with 
hydrogen. 

CAMBRn)GB  38,  Massachusbtts 

[CONTRIBimON  PROM  THB  DSPARTMBNT  OP  PhARMACOIX)GY,  HARVARD  MSDICAL  SCHOOL  ] 

THE  SULFUR  CONTENT  OF  ARSPHENAMINE  AND  ITS  RELATION 
TO  THE  MODE  OF  SYNTHESIS  AND  THE  TOXICITY.  I^ 

By  Walter  G.  Christiansen 

Received  January  17,  1922 

In  the  course  of  an  investigation  designed  to  bring  out  any  existing 
relation  between  the  sulfur  content  and  the  toxicity  of  arsphenamine, 
a  large  number  of  samples  were  prepared  by  hydrosulfite  reduction  of 
3-nitro-4-hydroxyphenylarsonic  acid  using  the  same  quantities  of  re- 
agents, but  reducing  the  nitro  group  tmder  varying  conditions.*  Thus 
a  series  of  specimens  was  obtained  in  which  the  toxicity,  as  determined 
by  intravenous  injection  into  white  rats,  varied  from  50  to  150  mg./kg. 
The  results  are  given  in  the  accompanying  graph  (Fig.  1). 
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Fig.  1. — Sulfur  content  and  tolerated  dose  of  arsphenamine. 
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»  This  is  the  sixth  of  a  series  of  studies  on  the  properties  contributing  to  the  toxicity 
of  arsphenamine  being  made  under  a  grant  from  the  United  States  Interdepartmental 
Social  Hygiene  Board  to  the  Harvard  Medical  School;  the  work  is  under  the  general 
direction  of  Dr.  Reid  Hunt,  who  is  also  responsible  for  the  biological  tests  reported  in  this 
paper. 

*  The  conditions  afiPecting  the  toxicity  were  discussed  in  This  Journal,  43,  2202 
(1921). 
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Although  there  is  no  direct  relation  between  the  toxicity  and  the  total 
sulfur  content,  it  is  evident  that  the  least  toxic  preparations  have  less 
than  1%  of  sulfur  and  the  most  toxic  contain  1.5-3.0%.  Inasmuch 
as  7  samples  containing  0.66  to  0.94%  of  sulfur  were  tolerated  in  doses 
varying  from  95  to  150  mg./kg.,  and  5  containing  2. 04  to  2. 25%  of  sulfur 
had  tolerated  doses  varying  from  50  to  80,  and  3  which  were  tolerated 
at  60  mg.  contained  1 .  40,  2 .  09,  and  3 .  03%  of  sulfur,  it  follows  that  either 
the  toxicity  is  only  partly  due  to  the  presence  of  toxic  sulfur  compounds 
or  the  sulfur  can  be  present  in  more  than  one  state  of  combination  and 
affects  the  toxicity  differently  when  in  different  combinations.  These 
results  also  prove  that  the  extent  to  which  sulfiur  compounds  are  formed 
depends  upon  the  manner  in  which  the  nitro  group  is  reduced. 

This  bears  a  striking  resemblance  to  the  relation  found  between  the  mode 
of  reduction  of  the  nitro  group  and  the  toxicity.  Methods  were  developed 
for  the  production  of  relatively  toxic  and  non-toxic  arsphenamine  from 
the  nitro  acid,  and  it  was  proved  that  the  consistent  production  of  the 
least  toxic  material  required  the  use  of  the  corresponding  pure  amino 
add  as  starting  material.'  Upon  analysis  it  was  found  that  the  sulfur 
content  is  lowest  in  material  obtained  from  the  amino  acid,'  slightly 
higher  when  the  nitro  acid  is  reduced  under  the  conditions  favoring  the 
lowest  toxicity,  and  much  higher  when  the  reverse  conditions  are  used 
(Table  I). 

Tabus  I 

Ta8  Mods  of  Symnmsis,  Toxxciry  and  Suz^fur  Contsnt  of  AKSPHBNAioNit 

Arsphenamine  prepared  by    Ezpt.  Av.  tol.  Limit  of       Av.  S       Limit  of  S 

hydrosulfite  reduction  of  dose     tol.  dose     content       content 

Mg./kg.    Mg.Ag  %  % 

Amino  acid 2  146    140-160        0.43        0.41-0.46 

Nitro  acid  1 3  137    130-160        0.80        0.66-0.87 

Nitro  add  II 7  62      60-85  2.08        1.40-3.03 

Since  high  toxicity  produced  in  this  way  is  concomitant  with  high 
sulfur  content  the  nature  of  the  sulfur  compounds  present  and  their  re- 
lation to  the  toxicity  were  taken  under  consideration. 

It  is  only  the  sulfur  compounds  resulting  from  phenomena  occurring 
during  the  reduction  of  the  nitro  group  which  may  cause  the  excessive 
toxicity  of  these  products.  Since  the  mechanism  of  the  reaction,  after 
the  nitro  group  is  reduced  is  the  same  as  in  the  reduction  of  amino  acid, 
an  amount  of  sulfur  equal  to  that  found  in  arsphenamine  prepared  from 
amino  acid  will  be  introduced  during  this  part  of  the  S3nithesis.  There- 
fore, the  sulfur  content  of  arsphenamine  prepared  from  the  amino  acid 
may  be  subtracted  from  that  of  material  made  from  the  nitro  acid  and 
we  find  that  arsphenamine  made  from  the  nitro  acid  contains  0.37  or 
*  This  agrees  with  the  observation  made  by  Fargher  and  Pyman,  J.  Chem.  Soc., 
117,  370  (1920). 
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1 .  65%  sulfur  which  is  introduced  during  the  reduction  of  the  nitro  group, 
depending  upon  the  set  of  conditions  used.  Evidently  when  the  nitro 
group  is  reduced  imder  the 'most  favorable  conditions,  very  little  sulfiur 
enters  the  molecule. 

Arsphenamine  sulfate  is  present  but  can  be  formed  as  readily  during  the 
reduction  of  the  amino  add  as  during  the  reduction  of  the  nitro  acid 
and  is  probably  present  in  all  samples  to  about  the  same  extent.^  More- 
over, as  the  sulfate  and  hydrochloride  prepared  from  the  same  base  have 
equal  toxicities,  the  formation  of  this  substance  could  have  no  effect 
on  the  toxicity.  Since  it  is  formed  after  the  nitro  group  has  been  reduced, 
it  contributes  its  sulfiur  to  that  subtracted  from  the  total  sulfiu-  in  order 
to  obtain  the  figtu-e  representing  the  sulfur  introduced  when  the  nitro 
group  is  reduced. 

It  has  been  suggested,*^  but  not  demonstrated,  that  sulftu:  compounds 
in  which  the  sulfiur  is  attached  to  the  arsenic  atom  may  be  present.  These 
substances,  if  present,  would  be  formed  during  the  reduction  of  the  ar- 
sonic  add  group,  i.  «.,  after  the  nitro  group  has  been  reduced  and  they 
should  constitute  a  fairly  constant  part  of  the  total  sulfiur  in  arsphenamine 
prepared  either  from  the  amino  add  or  from  the  nitro  add.  This,  then, 
is  also  part  of  the  sulfur  subtracted  from  the  total  sulfur  of  arsphenamine 
made  from  the  nitro  acid. 

Since  arsphenamine  prepared  by  hydrosulfite  or  hypophosphorous 
add  reduction  of  the  pure  amino  acid  has  the  same  low  toxidty,  the  sul- 
fur introduced  during  hydrosulfite  reduction  can  have  no  bearing  upon 
the  toxidty. 

In  the  work  of  Fargher  and  Pjrman*  and  later  of  King*  sulfur  compounds 
present  as  impurities  in  arsphenamine  are  discussed.  The  former  in- 
vestigators showed  that  a  cone,  methyl  alcohol  solution  of  arsphenamine, 
prepared  by  reduction  of  the  nitro  acid,  deposited  a  precipitate  which  had 
a  high  sulfur  content.  A  methyl  alcohol  solution  of  arsphenamine  pre- 
pared from  the  amino  acid  deposited  very  little  material  on  standing. 
Thus,  the  compound  containing  the  sulfur  introduced  during  the  nitro 
group  reduction  could  be  separated.  At  first  the  precipitate  was  thought 
to  be  a  sulfamic  acid,  but  King  subsequently  showed  that  it  was  mainly 

/As  =  As 

a  compound  of  the  formula       HOas'\y^NH         xy^NH  HCI      contami- 

OH  OH 
I 

^  Except  when  the  hydrochloride  is  precipitated  from  aqueous  solution  by  cone, 
hydrochloric  add. 

» Fargher  and  Pyman,  Ref .  3. 

•  King.  J.  Chem.  Soc„  120, 1107, 1414  (1921). 
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nated  by  a  little  arsphenamine  sulfate.  It  is  probable  that  the  small 
quantities  of  solid  which  Fargher  and  Pyman  obtained  from  solutions 
of  the  arsphenamine  prepared  from  the  amino  acid  consisted  of  arsphen- 
amine sulfate.  King  states  that  (I)  is  the  main  sulfur  impurity  in  ars- 
phenamine and  being  more  toxic  than  the  latter  is  an  undesirable  impurity. 
If  this  sulfonic  acid  derivative  is  the  main  sulfur  impurity  in  arsphen- 
amine, it  would  be  possible,  by  allowing  a  cone,  methyl  alcohol  solution 
to  stand,  to  obtain  from  the  mother  liquor,  after  removal  of  the  precipitate, 
arsphenamine  with  a  sulfur  content  nearly  as  low  as  that  found  when  the 
pure  amino  acid  is  used  as  a  source  of  arsphenamine,  i.  e,,  0.43%.  The 
difiference  between  0.43  and  the  sulfur  found  would  be  due  to  the  solu- 
bihty  of  the  sulfonic  acid.  By  reducing  mixtiu-es  of  3-amino-4-hydroxy- 
phenylarsonic  acid  and  its  5-sulfonic  acid,*  arsphenamines  of  varying 
sulfur  content  were  prepared  in  which  the  main  sulfiu-  impurity  was 
necessarily  the  sulfonic  acid  (I).  A  solution  of  1  g.  in  4  cc.  of  absolute 
methyl  alcohol  was  allowed  to  stand  for  20  to  24  hours  in  the  absence  of 
air  and  moisture  and  then  was  centrifuged.  The  solid  was  washed  once 
with  methyl  alcohol;  the  mother  Uquor  and  washing  were  united  and 
poured  into  ether  to  precipitate  the  material  which  had  remained  in  the 
alcoholic  solution. 

Table  II 
Rbmoval  op  the  Sulfonic  Acid  Dbrivativb  by  Fractionation  in  Mbthyl 

Alcohol 

Ratio  of  amino  acid  to         Reduction  Product 
amino-sulfonic  acid  used  , . . 


for  reduction  Tol.  dose  CHjOH  soluble  part 

Mg./kg.  %  s  %  S 

4.1:1  90  1.75  0.69 

4.1  :  1  ca.   80  2.10  0.80 

8.6:1  90  1.50  1.08 

8.6  :  1  ca.    80  1.23  0.98 

12      :1  110  or  above        0.99  0.77 

12      :  1  100  1 .03 

17      :  1  ca.    90  0.95  0.79 

Av.0.85 
These  results  (Table  II)  show  that  arsphenamine  so  prepared  that  the  main 
sulfur  impurity  is  the  sulfonic  acid  derivative  will  deposit  this  impurity  from 
a  methyl  alcohol  solution  in  varying  degrees  depending  upon  the  degree 
of  contamination  and  that  the  material  which  remains  in  solution  has  a 
fairly  constant  sulfur  content,  0.85%.  In  the  last  experiment  the  pre- 
cipitation was  very  slight,  and  since  the  original  sulfur  content,  0.95%, 
is  only  slightly  higher  than  the  average  sulfur  of  the  material  recovered 
from  the  mother  liquor,  arsphenamine  containing  less  sulfonic  add  than 
this  would  not  deposit  a  solid  under  the  conditions  used.    When  methyl 
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alcohol  solutions  of  arsphenamine  prepared  from  the  nitro  acid  by  the 
two  methods  previously  developed  were  treated  as  above,  it  was  found 
that  the  low  sulftu'-containing  (0.83,  0.58%),  slightly  toxic,  specimens 
gave  no  insoluble  matter.  This  would  be  expected  from  the  fact  that  the 
sulfur  content  is  below  that  found  in  the  above  alcohol-soluble  material. 
However,  upon  similar  examination  of  the  high  sulfur-containing,  highly 
toxic  samples,  a  precipitate  insoluble  in  methyl  alcohol  was  obtained, 
but  the  sulfur  contents  were  lowered  from  2. 09,  1 .  64  and  1 . 75%  to  only 
1,49,  1.13  and  1.31%  respectively.  Again,  the  sulfur  content  of  the 
alcohol-soluble  material  is  fairly  constant,  averaging  1.31%,  but  is  consid- 
erably higher  than  that  found  for  specimens  to  which  a  known  amount  of 
the  sulfonic  acid  had  been  added.  The  difference  between  0. 85  and  1.31, 
i.  e.,  0,46,  is  the  average  percentage  of  sulfur  in  high  sulfur-containing 
arsphenamine  which  is  introduced  during  the  reduction  of  the  nitro  group 
but  which  cannot  be  removed  from  concentrated  methyl  alcohol  solution 
as  sulfonic  acid. 

In  King's  work  these  experiments  were  carried  out  using  1  g.  of  ars- 
phenamine to  3  cc.  of  methyl  alcohol,  but  in  order  to  facilitate  the  prepa- 
ration of  the  solutions,  4  cc.  of  alcohol  was  used  in  the  work  here  reported. 
This  might  introduce  a  slight  variation  in  the  absolute  sulfur  content 
but  would  not  affect  the  difference  noted  between  the  two  sets  of  experi- 
ments. To  determine  the  extent  to  which  differences  in  concentration 
affected  the  results,  1  g.  of  arsphenamine  produced  by  reducing  a  mixture 
of  1 . 4  parts  of  amino  acid  and  1  part  of  the  sulfonic  acid  was  treated  with 
4  cc.  of  methyl  alcohol  in  one  case  and  10  cc.  in  another.  The  original 
sulftir  content  was  2.10%  and  that  of  the  material  recovered  from  the 
alcoholic  mother  liquor  0.80  and  1.21%  in  the  respective  experiments. 
Evidently,  the  difference  between  using  3  cc.  and  4  cc.  of  methyl  alcohol 
would  be  very  slight. 

In  the  preceding  table  (II)  it  appears  that  reduction  of  mixtures  of  the 
amino  acid  and  its  5-sulfonic  acid  gives  products  which  are  more  toxic 
than  arsphenamine  obtained  from  the  pure  amino  acid,  but  instead  of 
having  a  direct  relation  between  the  amount  of  sulfonic  acid  added  and 
the  toxicity  all  the  samples  have  approximately  the  same  tolerated  dose. 
This  may  indicate  that  the  increased  toxicity  is  not  due  directly  to  the 
presence  of  the  sulfonic  acid  compound  but  the  presence  of  the  latter 
substance  may  cause  variations  in  the  properties  (colloidal)  of  arsphen- 
amine, thus  acting  indirectly;  a  small  quantity  present  during  the  synthe- 
sis might  be  sufficient  to  effect  such  a  change.  The  amino  acid  used  in 
the  above  experiments  gave,  when  reduced  by  itself,  a  product  of  low 
toxicity. 

When  the  nitro  acid  is  reduced  under  the  most  favorable  conditions, 
the  arsphenamine  has  on  an  average  0. 80%  of  sulfur  and  a  tolerated  dose 
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of  137  mg./kg.  indicating  that  0.37%  of  sulfur  is  introduced  during  the 
reduction  of  the  nitro  group.  Even  the  presence  of  only  enough  sulfonic 
add  to  cause  arsphenamine  made  from  the  amino  acid  to  have  a  sulftu' 
content  of  0.95%  instead  of  the  customary  0.43%  results  in  a  decrease 
in  tolerated  dose  to  about  90  mg./kg.;  consequently  the  0.37%  of  sulfur 
introduced  with  the  nitro  group  cannot  have  entered  the  molecule  in 
a  sulfonic  acid  group. 

It  was  proved  above  that  the  high  sulfiu*  arsphenamines  contain  on 
an  average  0.46%  of  sulfur  which  is  introduced  during  the  reduction 
of  the  nitro  group  but  which  cannot  be  removed  from  cone,  methyl  al- 
cohol solution  as  sulfonic  acid,  and  it  now  appears  that  0.37%  of  sulfur 
is  introduced  under  the  most  favorable  conditions  for  reduction  of  the  ni- 
tro group,  does  not  enter  the  molectde  as  sulfonic  acid  and  does  not  ma- 
terially alter  the  toxicity.  These  figures  agree  well  within  the  experi- 
mental error,  and  it  is  entirely  probable  that  this  amount  of  sulfur  will 
enter  the  molecule  in  this  form  no  matter  how  the  nitro  group  is  reduced. 

It  is  now  possible  to  state  in  what  form  the  sulfur  is  present  in  arsphen- 
amine, the  extent  of  each  form,  and  its  relation  to  the  toxicity  if  the 
method  of  preparation  is  known  (Table  III). 

Table  III 
Distribution  op  Sulfur  in  Arsphenamine 


(a) 


(b) 


(c) 


Source  of 

Arsphenamine 

S 

Content 

% 

Pure  Amino  Acid 

0.43 

Nitro  Add  I 

0.43 
0.37 

0.80 

Nitro  Acid  II 

0.43 
0.37-0.46 

0.80-0.89 

Total  S  less  above  (Av. 

.0.85)' 

=  1.23  (Av.) 

Remarks 

Arsphenamine  sulfate  and  possibly 
arsenic-sulfur  compounds;  no  ef- 
fect on  toxicity. 
Present  as  in  (a). 

Introduced  as  a  result  of  reduction 
of  the  nitro  group;  not  present  as 
sulfonic  acid  group;  little  effect  on 
toxicity. 


Present  as  in  (b). 
Introduced  as  a  result  of  reduction 
of    nitro    group,    removable    as 
sulfonic  acid;  very  closely  related 
to  the  toxicity. 


Therefore,  in  high  sulfur  arsphenamine  obtained  by  reduction  of  the 
nitro  acid  approximately  20%  of  the  total  sulfur  is  not  a  result  of  the  re- 
duction of  the  nitro  group;  20%  is  a  result  of  this  reduction  but  does 
not  affect  the  toxicity;  while  60%  results  from  this  reduction,  is  closely 
related  to  the  toxicity  and  could,  if  the  5-sulfonic  acid  derivative  of  ars- 
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phenamine  were  completely  insoluble  in  methyl  alcohol,  be  removed  as 
such. 

Fargher  and  Pyman*  calculated  from  chlorine  values  and  neutralization  values  the 
amount  of  sulfur  present  in  arsphenamine  as  sulfamic  add;  this,  according  to  King/ is 
present  as  sulfonic  add.  In  10  commercial  samples  the  average  total  sulfur  was  1.50% 
(1.26-1.77%)  and  calculation  showed  0.76%  (0.27-1.37%)  of  sulfur  as  'sulfamic  add*; 
therefore  their  figtires  show  an  average  of  50%  of  the  total  sulfur  present  as  'sulfamic' 
add.  This  figure  agrees  wdl  with  the  average  value  (60%)  calculated  above  for  the 
sulfur  introduced  by  improper  reduction  of  the  nitro  group  and  separable  as  sulfonic 
add. 

A  comparison  of  the  toxicity  which  it  is  possible  to  obtain  by  reduction 
of  the  nitro  add  (62  mg./kg.,  varying  between  50  and  85)  with  the  toxicity 
of  products  obtained  by  reducing  mixtiu*es  of  the  amino  add  and  its 
sulfonic  add  (about  90  mg./kg.),  shows  that  the  presence  of  the  sulfonic 
add  derivative  of  arsphenamine  can  account  for  only  part  of  the  toxidty 
which  is  found. 

The  sulfur  determinations  were  made  by  carbonate-peroxide  fusion;*  after  ad- 
dition of  the  barium  chloride  the  solution  was  evaporated  to  150-200  cc.  and  allowed 
to  stand  40-48  hotu^  before  filtration.  Owing  to  the  low  sulfur  content  and  the  fact 
that  it  was  sddom  possible  to  use  over  0.3  g.  of  substance  for  each  analysis,  the  barium 
sulfate  obtained  was  always  less  than  60  mg.  and  averaged  30  mg.  The  solution  from 
which  this  is  obtained  contains  a  large  quantity  of  inorganic  salts,  about  17  g.  of  sodium 
chloride  being  the  main  one.  To  determine  the  effect  of  this  upon  the  wdght  of  the 
barium  sulfate,  weighed  amounts  of  carefully  purified  potassitmi  sulfate  were  fused  and 
analyzed  by  the  above  procedure.  The  following  8  determinations  (Table  IV)  were 
made;  to  eliminate  any  personal  factor  they  were  made  by  two  investigators. 

Tablb  IV 
ANAI.YSBS  OF  Potassium  Sulfate 


SO4 taken 

BaS04  found 

BaSOi  calc. 

Diff. 

Mg. 

Mg. 

Mg. 

Mg. 

6.3 

13.5 

8.4 

5.1 

9.2 

16.8 

12.2 

4.6 

11.7 

20.3 

15.7 

4.6 

16.6 

26.6 

22.2 

4.4 

18.8 

30.5 

25.2 

5.3 

24.6 

37.2 

32.9 

4.3 

27.1 

40.4 

36.3 

4.1 

29.9 

44.4 

40.1 

4.3 

4.6 

In  this  method  of  analysis  there  is  a  constant  error  which  causes  the  barium  sulfate 
found  to  be  4.6  mg.  too  high  and  this  correction  must  be  applied. 

In  preparing  arsphenamine  intentionally  contaminated  by  sulfonic 

add  the  mixture  of  the  amino  acid  and  its  sulfonic  add  was  reduced  by 

the  method  used  for  the  pure  amino  add.    The  base  after  diyingin  vacuo 

was  treated  with  methyl-alcoholic  hydrochloric  acid  and  this  solution, 

^  Meyer,  "Analyse  Organischer  Verbindungen,"  J.  Springer,  1909,  p.  223. 
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except  in  cases  where  the  amotint  of  sulfonic  acid  was  very  high,  could 
be  filtered  without  the  sulfonic  acid  separating.  The  material  was  pre- 
cipitated by  ether  in  the  usual  way. 

Summary 

1.  A  careful  study  of  the  mode  of  synthesis,  toxicity  and  sulfur  con- 
tent shows  that  arsphenamine  prepared  (a)  from  the  amino  acid  is  the 
least  toxic  and  has  the  lowest  sulfur  content;  (b)  from  the  nitro  acid 
under  the  most  favorable  conditions  is  slightly  more  toxic  and  has  a 
sUghtly  higher  sulfur  content;  (c)  from  the  nitro  acid  under  least  favor- 
able conditions  is  much  more  toxic  and  has  a  much  higher  sulfur  content. 

2.  There  is  no  direct  relation  between  the  total  sulfur  and  the  toxicity, 

3.  Only  the  sulfur  in  excess  of  that  introduced  when  the  nitro  acid 
is  reduced  under  the  most  favorable  conditions  has  any  great  eflfect  upon 
the  toxicity. 

4.  Only  from  those  preparations  made  from  the  nitro  acid  under  the 
least  favorable  conditions  can  the  sulfonic  acid  derivative  of  arsphenamine 
described  by  King  be  isolated,  and  the  amount  which  the  sulfur  content 
can  be  lowered  by  removal  of  this  substance  is  nearly  the  same  as  the 
excess  sulfiu*  introduced  by  improper  reduction  of  the  nitro  group. 

5.  The  presence  of  this  sulfonic  acid  derivative  cannot  account  for 
the  whole  of  the  high  toxicity  which  is  obtainable. 

I  wish  to  express  my  appreciation  of  Dr.  Reid  Hunt's  work  in  deter- 
mining the  toxicity  of  the  substances  used  in  this  paper,  and  of  Mr.  Arthur 
J.  Norton's  assistance  in  determining  the  correction  to  be  applied  in  the 
sulfur  analyses. 

Boston,  Massachusetts 
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While  comparing  high  sulfur-containing,  highly  toxic  arsphenamine 
obtained  by  the  hydrosulfite  reduction  of  3-nitro-4-hydroxyphenylarsonic 
acid^  with  high  sulfur-containing  samples*  prepared  from  known  mixtures 

*  This  is  the  seventh  of  a  series  of  studies  on  the  properties  contributing  to  the 
toxicity  of  arsphenamine  being  made  under  a  grant  from  the  United  States  Interde- 
partmental Social  Hygiene  Board  to  the  Harvard  Medical  School;  the  work  is  under  the 
general  direction  of  Dr.  Reid  Hunt  who  is  also  responsible  for  the  biological  tests  re- 
ported in  this  paper. 

*  This  tjrpe  of  arsphenamine  will  be  referred  to  as  arsphenamine  I ;  for  preparation, 
see  This  Journal,  43,  2202  (1921). 

'  Arsphenamine  II ;  for  preparation,  see  preceding  paper. 
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of  3-ammo-4-hydroxyphenylarsonic  acid  and  its  5-sulfoiiic  add,^  it  was 
found  that  although  both  deposit  the  5-stdfonic  add  derivative  of  ars- 
phenamine  from  a  cone,  methyl  alcohol  solution  there  are  several  points 
of  difference  between  the  two  types  of  preparations.  Some  of  these 
are  the  rate  at  which  the  sulfonic  acid  separates  from  the  alcohol  solution, 
the  effect  of  temperature  on  the  formation  of  the  precipitate,  the  ease 
of  separation  of  the  predpitate  from  the  mother  Hquor  and  the  rate  of 
death  of  rats  when  the  substances  are  injected  intravenously. 

Fargher  and  Pjrman*  and  later  King,*  working  with  KngUsh  commercial 
samples,  reported  that  the  solid  separates  only  slowly  from  alcoholic  so- 
lution. This  observation  was  found  to  be  true,  many  solutions  of  high 
sulfur  arsphenamine  showing  no  signs  of  turbidity  for  a  number  of  hours. 
When  variations  in  the  temperature  were  made  marked  changes  were 
produced  in  the  rate  of  precipitation.  In  the  experiments  on  arsphenamine 
I  recorded  in  the  following  table  the  alcoholic  solutions  were  made  at  0° 
and  kept  in  completely  filled  stoppered  tubes. 


TablR  I 

PRECIPrrATlON  OF  ARSPHQNAMnm  I  FROM  ALCOHOLIC  SOLUTION 

Ratio  of 

Arsph.  to 

s 

Effect  of  warming 

CHiOH 

Content 

Temp. 

Time 

inhom-s 

to  45** 

G.:Cc. 

% 

•C. 

1/2 

1 

2 

4 

20 

45 

1:6 

1.40 

0 

0 

0 

0 

0 

0 

0 

1:4 

1.56 

0 

0 

0 

0 

0 

0 

1:4 

1.7S 

0 

0 

0 

0 

0 

0 

++in  20  min. 

1:4 

1.87 

0 

0 

0 

0 

0 

+ 

1:3 

.. 

0 

0 

0 

0 

0 

"♦• 

+++ 

1:4 

1.47 

8 

0 

0 

0 

0 

+ 

+++in  15  min. 

1:5 

1.40 

23 

0 

0 

0 

0 

+++ 

1:4 

1.87 

R.T.- 

0 

0 

0 

— 

+  +  + 

1:3 

1.64 

R.T. 

0 

0 

+ 

++ 

+++ 

1:3 

R.T. 

0 

+ 

++ 

+++ 

1:5 

2.04 

45 

+ 

++  + 

1:5 

1.40 

46 

0 

+ 

+++ 

1:3 

, , 

45 

+++ 

+  Tm-bid. 

++  Slight  precipitate. 

■♦'"*■'♦■  Heavy  i>recipitate. 

*  Room  temperature. 

These  results  show  that  at  any  one  temperature  precipitation  is  more 
rapid  from  a  concentrated  than  from  a  dilute  solution,  and  that  at  any  one 
concentration  precipitation  becomes  faster  as  the  temperature  is  raised. 
Temperature  has  the  greater  effect  as  a  1 : 5  solution  at  23  "^  or  45  **  separated 
faster  than  a  1:3  solution  at  0°  or  room  temperature  respectively.    Also, 

*  King,  /.  Chem.  Soc.,  120, 1107  (1921). 
»  Fargher  and  Pyman,  ibid.,  117, 370  (1921). 
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the  immediate  precipitation  caused  by  wanning  a  solution  whicli  has 
only  undergone  a  slight  change  at  0^  shows  the  importance  of  the  tempera- 
ture. 

A  similar  series  of  experiments  (Table  II)  was  run  with  arsphenamine 
II,  i.  e.t  arsphenamine  whose  main  sulfur  impurity  is  necessarily  the 
5-sulfonic  acid  derivative  in  var3dng  amounts. 

Table  II 

PRECnOTATlON  OF  ARSPHENAMINE  II  FROM  ALCOHOLIC  SOLUTION 

Ratio  of 
Arsph.  to        S 
CHiOH     Content     Temp.  Time  in  hom-s  Warm  to  45" 


0.:Cc. 

% 

•C. 

1/2 

1 

2 

4 

20 

1:4 

2.10 

0 

a 

+++ 

1:6 

1.76 

0 

+ 

+++ 

1:4 

1.60 

0 

0 

+ 

+++ 

1:4 

1.23 

0 

0 

0 

0 

0 

+++ 

1:4 

1.03 

0 

0 

0 

0 

+ 

+++ 

1:4 

0.99 

0 

0 

0 

+ 

+++ 

1:4 

0.95 

0 

0 

0 

0 

0 

0 

1:4 

1.23 

R.T. 

0 

+ 

+++ 

1:4 

0.99 

R.T. 

+ 

+  +  + 

+in  2  hrs. 


*  Precipitation  set  in  before  all  the  material  dissolved. 

A  preparation  of  this  type  and  containing  1.75%  of  sulfur  if  added 
to  4  parts  of  methyl  alcohol  at  room  temperature  will  not  be  completely 
dissolved  before  a  precipitate  starts  to  form  and  within  30  minutes  a  heavy 
precipitate  will  have  formed.  From  the  above  table  (II)  it  is  evident 
that  arsphenamine  II,  whose  sulfur  content  equals  that  of  arsphenamine 
I  but  whose  sulfur  has  been  introduced  nearly  wholly  as  stdfonic  acid, 
precipitates  very  rapidly  from  cone,  methyl  alcohol  solutions.  This 
type  of  preparation  even  when  containing  a  much  lower  sulfur  content 
than  the  average  toxic  arsphenamine  I,  deposits  a  precipitate  much  more 
rapidly.  Again,  the  precipitation  is  more  rapid  at  room  temperature 
than  at  0°.  However,  it  appears  that  in  this  series  warming  a  solution 
which  has  given  no  precipitate  in  20  hoius  at  0°  does  not  cause  the  sudden 
formation  of  a  heavy  precipitate  as  was  the  case  in  Table  I. 

The  addition  of  methyl  alcoholic-hydrochloric  acid  to  alcoholic  arsphen- 
amine solutions  also  increases  the  speed  of  precipitation  of  the  sulfonic 
acid  derivative  (Table  III)., 

Experiments  were  made  to  determine  the  extent  to  which  the  sulfur 
content  of  arsphenamine  could  be  lowered  by  removal  of  the  sulfonic 
acid  by  warming  and  by  the  addition  of  hydrochloric  acid  at  0  °  (Table  IV) . 
Apparently  arsphenamine  I  upon  standing  for  a  long  time  at  room  tem- 
peratiu-e,  a  short  time  at  45°,  or  20  hours  with  a  small  amoimt  of  add 
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Tabids  III 
Effqct  op  Addition  op  Mbthyi«  Alcohouc  Hydrochloric  Acid  to  Arsfhbnaminb 

Solutions 
Ratio  of  S 

Arsph.toCHiOHtoHCl    Content    Temp.  Time  in  hours 


G.  :  Cc.  :  G. 

% 

*»C. 

1/2 

1 

2 

4 

20             27 

(Arsphenamine  I) 

1:4:0 

1.78 

0 

0 

0 

0 

0 

0 

1  :  4  :   tr 

1.56 

0 

0 

0 

0 

0 

+            ++ 

1:4:  0.05 

1.78 

0 

0 

0 

0 

0 

+++ 

1:4:   0.05 

1.87 

0 

0 

0 

0 

— 

+++ 

1:3:  0.04 

1.64      ] 

R.T. 

0 

0 

++  + 

(Arsphenamine  II) 

1:4:  0.1 

1.23 

0 

+ 

+++ 

1   :   4  :   tr. 

1.03 

0 

0 

0 

0 

++ 

+  +  +a 

«  After  10  hrs. 

Table  IV 

Removal  op  Sulponic  Acid 

Ratio  of 

Sulfur  content 

-sph,  to  CH.OH  to  HCl      Expt. 

Temp. 

Tune 

Original  CHiOH-soluble 

G.  :  Cc.  :   G 

«c 

Houn 

» 

% 

% 

(Arsphenamine  I) 

1:4:0 

2 

R.T. 

45 

1.70 

1.27 

1:4:0 

3 

Oand 
45 

20 
5 

1.71 

1.29 

1:4:   0.05 

1 

0 

20 

1.87 

1.22 

(Arsphenamine  11] 

) 

1:4:0 

4 

0 

20 

1.48 

0.91 

lowers  the  sulftir  content  of  the  material  remaining  in  the  alcohol  to  the 
same  value,  1 .  26%.  However,  the  decrease  never  goes  as  far  as  in  the 
case  of  arsphenamine  II. 

It  was  previously  stated  that  the  low  sulfur-containing,  slightly  toxic 
arsphenamines  prepared  tmder  the  most  favorable  conditions  from  the 
nitro  acid*  gave  no  precipitate  from  alcoholic  solution.  Action  of  heat 
and  hydrochloric  acid  has  been  investigated  on  these  solutions.  A  1 : 4 
solution  of  such  a  sample  (0.58%  of  sulfur)  after  20  hours  at  0^  and 
5  hours  at  45°  showed  no  trace  of  yellow  precipitate;  a  similar  solution 
containing  0.05  g.  of  hydrochloric  acid  after  23  hours  at  0°  contained 
not  the  slightest  precipitate.  In  addition  to  proving  that  arsphenamine 
prepared  in  this  way  cannot  be  forced  to  deposit  sulfonic  acid  from  al- 
coholic solutions,  these  experiments  prove  that  these  accelerating  proc- 
esses cause  only  the  deposition  of  that  portion  of  the  arsphenamine 
containing  the  sulfur  from  alcoholic  solutions  of  high  sulfur  arsphenamine. 

When  centrifuging  the  alcoholic  solutions  in  order  to  remove  the  pre- 
cipitated sulfonic  acid  derivative,  it  has  been  found  quite  difficult  to  clarify 
*  See  This  Journal,  43,  2202  (1921)  for  method  of  preparation. 
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the  liquor  when  arsphenamme  I  is  being  examined,  whereas  solutions  of 
arsphenamine  II  deposit  the  sulfonic  acid  in  such  a  way  that  the  liquor 
becomes  dear  very  readily.  When  hydrochloric  add  was  used  to  acceler- 
ate the  predpitation  from  Type  I  the  darification  became  much  easier. 

From  biological  experiments  it  appears  that  arsphenamine  II  causes 
very  slow  death  while  type  I  frequently  kills  with  great  rapidity  and  always 
in  smaller  doses. 

All  the  phenomena  reported  here  and  the  biological  experiments  reported 
in  a  previous  paper  show  that  arsphenamine  I  differs  considerably  from 
arsphenamine  II,  i.  e.,  arsphenamine  which  would  have  low  toxicity  and 
low  sulfur  if  the  sulfonic  acid  had  not  been  mixed  with  the  pure  amino 
acid.  The  great  effect  produced  on  the  rate  of  separation  of  the  5-sulfonic 
acid  derivative  from  alcohoUc  solutions  of  arsphenamine  I  by  the  appli- 
cation of  heat  or  small  amotmts  of  hydrochloric  add,  and  the  rapid  forma- 
tion of  heavy  predpitates  when  solutions  which  have  changed  little  at 
0°  are  heated,  and  the  fact  that  solutions  of  arsphenamine  II  which  do 
not  give  a  heavy  predpitate  at  0°  will  not  do  so  at  45°,  might  indicate 
that  this  substance  is  not  present  as  such  but  is  produced  by  rearrangement 
of  some  imstable  substance. 

However,  the  5-sulfonic  add  derivative  of  arsphenamine  may  be  present 
as  such  in  type  I  and  the  slow  separation  which  can  be  greatly  accelerated 
by  heat  or  acid  may  be  due  to  the  colloidal  nature  of  the  material.  In- 
asmuch as  alcohoUc  solutions  of  arsphenamine  II,  which  must  contain 
the  sulfonic  acid  as  such  on  accotmt  of  the  method  of  preparation,  also 
deposit  the  sulfur  compound  more  rapidly  when  warmed  or  when  addi- 
fied,  the  second  suggestion  seems  the  more  plausible.  Very  little  is  known 
concerning  the  colloidal  natture  or  state  of  molecular  aggregation  of  ars- 
phenamine and  considerable  work  must  be  done  along  these  lines  before 
the  problem  can  be  fully  imderstood. 

When  alcoholic  solutions  of  arsphenamine  I  are  kept  at  45°  for  20  to 
24  hours  and  are  then  poured,  without  separation  of  the  precipitate, 
into  ether,  the  material  is  completely  recovered  with  little  alteration  in 
sulftur  content  but  with  a  lower  toxicity  (Table  V). 


Tablb  V 

Rrcovbry  with  Ether 

Ratio  of 

Tol.  dose 

Sulfur  content 

)h.  to  CHkOH  Temp. 

Time 

Original           Pinal 

Original        Pinal 

G.:Cc.                •C. 

Hours 

Mg./kg. 

% 

1:5                 45 

24 

60           ca.  80 

2.04 

1:5                 45 

20 

ca.  60                  90 

1.40            1.34 

The  substance  recovered  cannot  be  redissolved  in  methyl  alcohol  and  acts 
like  a  mechanical  mixture  of  arsphenamine  and  its  5-sulfonic  add.  The 
toxicity  has  also  become  the  same  as  that  found  for  arsphenamine  II* 
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the  alcoholic  solution  of  which  deposits  a  precipitate  rapidly  at  C.  Heat- 
ing, therefore,  whether  by  causing  a  rearrangement  or  an  alteration  in 
colloidal  properties,  destroys  some  of  the  differences  between  types  I  and  II. 
To  explain  the  existing  phenomena  it  will  be  necessary  to  obtain  a  more 
definite  understanding  of  the  mechanism  of  the  reaction  and  side  reactions 
which  take  place  when  the  nitro  group  is  reduced  and  the  processes  which 
may  occur  when  the  by-products  undergo  the  subsequent  reactions. 
This  work  is  well  imder  way  at  the  present  time. 

Summary 

Certain  chemical  and  biological  differences  between  high  sulfur,  highly 
toxic  arsphenamine  obtained  from  the  nitro  acid  and  arsphenamine  pre- 
pared by  the  reduction  of  mixtures  of  the  amino  acid  and  its  5-sulfonic 
acid  have  been  pointed  out.  Two  suggestions  have  been  made  regarding 
the  cause  of  these  differences  and  work  has  been  started  to  study  the 
mechanism  by  which  the  sulfur  compounds  are  formed  as  a  result  of  hy- 
drostilfite   reduction   of   the   nitric   acid. 

I  wish  to  thank  Dr.  Reid  Hunt  for  determining  the  toxicity  of  the 
specimens  employed  in  this  work. 
Boston,  Massachusetts 


[Contribution  prom  thb  Laboratory  of  Plant  Chbmistry  of  thb  Dbpartmbnt  op 
Botany,  University  op  Michigan] 

THE  CATALYTIC  HYDROGENATION  OF  DEXTRO  GLUCOSE. 
PRELIMINARY  NOTICE 

By  W.  E.  Cake 

Received  January  10.  1922 

In  view  of  all  the  recent  work  in  the  field  of  catalytic  hydrogenation, 
it  is  remarkable  that  there  are  no  accounts  in  the  literature  of  the  cata- 
lytic reduction  of  the  sugars  to  the  sugar-alcohols.  It  would  be  surmised 
that  in  such  a  reactive  molecule  as  a  straight  chain  hydroxy-aldehyde 
or  hydroxy-ketone,  the  aldehyde  or  ketone  group  would  readily  lend 
itself  to  reduction  by  hydrogen  in  the  presence  of  a  catalyst. 

The  behavior  of  the  sugars  in  neutral  and  acid  solutions  is  such  as  to 
lead  to  the  conclusion  that  they  are  not,  for  the  most  part,  in  a  straight 
chain  form,  but  that  they  exist  in  a  7-oxide  ring  form,  in  which  the  mole- 
cule does  not  contain  an  active  aldehyde  or  ketone  group.  It  is  usually 
considered  that  the  two  forms  are  in  equilibrium,  and  that  the  equilibrium 
point  is  far  over  to  the  7-oxide  ring  side. 

In  alkaline  solution,  on  the  other  hand,  it  seems  as  though  there  is 
quite  an  appreciable  amotmt  of  the  straight-chain  forms  present,  either, 
in  the  case  of  the  aldoses,  as  the  aldehyde  hydrate  or,  what  is  more  likely, 
as  the  aldehyde  itself  in  equilibrium  with  the  aldehyde  hydrate,  together 
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with  a  ntunber  of  enolic  forms.  This  supposition  is  especially  confirmed 
by  the  fact  that  in  alkaline  solution  the  simple  sugars  are  known  to  change 
over  into  some  of  the  isomeric  forms.  J-Glucose,  for  example,  is  partially 
converted  in  alkaline  solution  into  J-mannose  and  J-fructose,  and  it  is 
possible  to  conceive  of  the  formation  of  many  other  sugars  as  well,  in  the 
same  solution.  The  change  is  supposed  to  take  place  through  the  break- 
ing of  the  ring  with  the  intermediate  formation  of  the  aldehydrol  and  the 
enoUc  forms.  In  the  formation  of  the  first  enol  from  the  aldehydrol  by 
loss  of  water,  the  a-carbon  atom  loses  its  as3rmmetry  and,  conversely, 
when  this  enol  adds  water  again,  the  a-carbon  atom  becomes  asymmet- 
ric, with  the  consequent  formation  of  two  stereo-isomeric  aldehydrols, 
one  a  derivative  of  d-mannose  and  the  other  a  derivative  of  d-glucose. 
These  aldehydrols  on  loss  of  water  are  converted  into  the  respective  sugars. 

The  interconvertibility  of  the  sugars  in  alkaline  solution  shows  that 
in  such  solutions  there  exists  an  appreciable  amotmt  of  straight-chain 
forms,  and  one  would  therefore  expect  the  greatest  success  in  catalytic 
reduction  to  be  not  in  neutral  or  acid  solutions,  but  in  alkaline. 

Should  this  supposition  prove  correct,  d-glucose  should  yield  on  re- 
duction the  corresponding  sugar  alcohol  d-sorbitol.  Furthermore,  other 
stereo-isomeric  alcohols  might  be  produced  because  of  the  transformation 
of  glucose  into  its  isomers.  If  in  alkaline  solution  d-mannose  and 
d-fructose  are  formed  from  the  d-glucose  aldehydrol,  we  should  expect 
to  find  d-mannitol  also  as  a  reduction  product,  in  addition  to  d-sorbitol. 
The  determining  factor  for  the  proportion  of  d-mannitol  in  the  alcohols 
resulting  from  the  reduction  of  d-glucose  would  probably  be  the  rate  of 
hydrogenation.  If  the  reduction  were  carried  on  fast  enough  to  use  up 
all  the  aldehyde  as  fast  as  formed  from  the  ring  form,  then  we  should 
expect  to  find  only  d-sorbitol  as  a  reduction  product  of  d-glucose,  even 
in  alkaline  solution.  Of  coiu-se,  if  it  were  possible  to  carry  out  this  re- 
duction in  neutral  or  acid  solution,  d-sorbitol  would  then  be  the  only 
product  regardless  of  the  rate  of  hydrogenation. 

There  is  a  further  possibility  of  the  mechanism  of  the  reduction  of  the 
simple  sugars  in  alkaline  solution  that  must  be  considered.  The  various 
enolic  forms  present  in  such  solutions  aU  contain  a  double  bond  between 
two  carbon  atoms,  to  each  of  which  a  hydroxyl  group  is  attached.  It 
is  possible  to  conceive  that  the  reduction  occurs  at  this  point  by  the  ad- 
dition of  two  atoms  of  hydrogen.  In  this  event  we  should  always  expect 
to  find  more  than  one  alcohol  as  the  reduction  product  of  any  sugar, 
since  either  one  or  two  carbon  atoms  are  rendered  asymmetric,  depending 
upon  the  particular  enol  in  question. 

Experimental  Part 
In  order  to  test  these  points,  200  cc.  of  a  25%  solution  of  (f-glucose  in  0.5  N  potassium 
hydroxide  solution  was  treated  with  hydrogen  in  the  presence  of  about  3  g.  of  platinum 
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black.  The  hydrogen  was  introduced  rapidly  enough  to  keep  the  liquid  in  considerable 
agitation  and  the  platinum  thoroughly  stirred.  After  18  hours  the  solution  had  lost 
all  of  its  reducing  action  on  Pehling's  solution.  When  the  platinum  had  settled,  the 
dkeai  colorless  liquid  was  siphoned  off,  and  from  it  (^sorbitol  and  <2-niannitol  were  ob- 
tained, using  the  procedure  outlined  by  Fischer^  in  separating  the  products  of  reduction 
of  (^fructose  by  soditun  amalgam.  The  solution  was  first  neutralized  with  dil.  sulfuric 
add  and  then  concentrated  on  a  water-bath  tmtil  most  of  the  potassium  sulfate  sepa- 
rated from  the  solution.  To  this  was  added  8  times  the  volume  of  boiling  absolute 
alcohol,  and  the  precipitated  potassium  sulfate  removed  by  filtration.  After  concen- 
trating a  little  the  solution  was  cooled,  whereupon  the  mannitol  separated  in  the  form  of 
fine  needle-like  crystals,  which  after  purification  by  recrystallization  from  70%  alcohol 
melted  at  166  ^ 

The  combined  filtrates  from  the  recrystallization  of  the  mannitol,  and  from  the 
oiiginal  mannitol  precipitation,  were  concentrated  on  a  water-bath,  with  the  addition 
of  water  from  time  to  time,  until  the  alcohol  was  removed,  and  finally  evaporated  to  a 
volume  of  about  60  cc.  From  this  solution  the  sorbitol  was  recovered  according  to  the 
directions  of  Meunier.*  After  cooling  to  0°,  an  equal  volume  of  60%  sulfuric  add  was 
added,  and  then  the  add  solution  was  shaken  with  35  cc.  of  benzaldehyde.  On  standing 
overnight  at  0^  there  separated  a  large  quantity  of  the  white  amorphous  dibenzal 
derivative  of  sorbitol.  This  was  filtered,  washed  with  a  littie  water  and  ether,  and  then 
hydrolyzed  with  boiling  5%  sulfuric  acid.  After  cooling  the  liberated  benzaldehyde  was 
shaken  out  with  ether,  and  the  sulfuric  add  just  neutralized  with  a  solution  of  barium 
hydroxide.  The  resulting  solution  was  filtered  and  concentrated  to  a  thick  sirup,  to 
which  was  added  on  cooling  a  littie  95%  alcohol.  The  sirup  soon  solidified  and  was 
dried  by  pressing  between  filter  paper.  This  was  now  dissolved  in  a  littie  hot  90% 
alcohol  and,  on  standing,  the  solution  soon  deposited  the  sorbitol  in  the  form  of  colorless 
clusters.  These  were  filtered,  washed  with  a  littie  alcohol  and  finally  dried  in  a  vacuum 
desiccator  over  cone,  sulftuic  add.    The  sorbitol  so  obtained  mdted  at  73-75  ®. 

Work  is  now  being  conducted  in  this  laboratory  on  the  catalytic  hydrogenation  of 
the  several  sugars,  tmder  the  influence  of  various  catalysts  and  various  conditions  of 
addity  and  alkalinity,  temperature  and  pressure.  It  is  expected  to  show  what 
alcohols  result  from  the  sugars  under  these  varying  conditions  and  in  what  proportions 
they  are  formed. 

Up  to  the  present,  all  attempts  to  reduce  /^-glucose  in  neutral  solution  have  proved 
futile.  However,  if  the  hydrogenation  is  conducted  under  pressure  or  in  the  presence 
of  more  active  catalysts,  it  may  prove  possible  to  do  this. 

The  platinum  black  used  as  the  catalyst  was  prepared  by  a  slight  modification  of  the 
method  of  Willstatter  and  Waldschmidt-Leitz,'  in  which  dry  potassium  chloroplatinate 
suspended  in  a  20%  formaldehyde  was  reduced,  instead  of  starting  with  an  add  solution 
of  diloroplatinic  add. 

Summary 

Preliminary  notice  of  the  catalytic  hydrogenation  of  the  sugars  is  given. 
Ann  Arbor,  Michigan 


1  Fischer.  Ber.,  23, 3684  (1890). 

«  Meunier.  Compt.  rend.,  110,  679  (1890).    Ann.  chim.  phys.,  (6l  22,  412  (1891). 

•  Willstatter  and  Waldschmidt-Ldtz.  Ber.,  54,  113  (1921).. 
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DYES  CONTAINING  THE  FURANE  CYCLE^ 

By  R.  R.  Rbnshaw  and  Nellie  M.  Naylor' 

Received  Januaxy  21,  1022 

In  the  present  paper  the  preparation  and  properties  of  certain  dyes 
derived  from  furfural  are  described.  Preliminary  experiments  on  this 
line  were  carried  out  in  the  spring  of  1915,  and  it  is  felt  certain  that  the 
present  authors  were  the  first  to  isolate  stable  dyes  containing  the  furane 
cycle. 

On  account  of  the  activity  of  others  in  this  field  since  the  first  public 
announcement  of  our  work  was  made,'  it  seems  desirable  to  present  these 
results  at  this  time.  Our  intention  was  to  enlarge  considerably  the  scope 
of  the  work,*  but  on  account  of  the  entry  of  one  of  us  into  war  activities 
and  a  subsequent  change  of  location  this  has  been  impossible. 

Highly  colored,  unstable  condensation  products  of  furfural  with  primary 
and  secondary  aromatic  amines  have  been  studied  in  considerable  de- 
tail by  a  number  of  investigators,  notably  Stenhouse,*  H.  Schiff,*  de 
Chalmot,*  Ehrhardt,^  Knovenagle,'  Zincke  and  Muhlhausen,'  Dieckmann 
and  Beck^®  and  Konig.^^  None  of  these  products,  however,  was  of  any 
value  as  a  dye. 

The  condensation  of  furfural  with  dimethyl  aniline  was  carried  out 
by  O.  Fischer^*  at  the  time  that  he  discovered  malachite  green  by  oxi- 
dizing the  condensation  product  of  benzaldehyde  with  that  base.  He 
fotmd  that  the  leuco  base  of  malachite  green,  tetramethyl-diamino-tri- 
phenyl-methane,  was  colorless,  while  the  leuco  base  of  the  corresponding 
compotmd  obtained  by  using  furfural  instead  of  benzaldehyde,  tetramethyl- 
diamino-diphenyl-furyl-methane,  was  light  yellow,  yet  on  the  oxida- 
tion of  these  two  leuco  compounds  he  obtained  on  the  one  hand  malachite 

^  Read  at  the  Buffalo  Meeting  of  the  American  Chemical  Society,  April  6, 1919. 

'  The  results  described  in  this  paper  furnished  part  of  the  material  submitted  in  a 
thesis  for  the  degree  of  Master  of  Science  at  Iowa  State  College  in  June,  1918,  by  Nellie 
M.  Naylor. 

*  In  1913  the  senior  author  began  an  investigation  of  corn  cobs  as  a  possible  source 
of  pentose  sugars  (U.  S.  patent  1,190,953)  and  other  materials  derived  from  pentosans, 
as  fermentation  products  and  furfural. 

*  Stenhouse,  Ann.,  156,  199  (1870). 

*  H.  Schiff,  ibid.,  201, 365  (1880) ;  239, 349  (1887). 

*  de  Chahnot,  ibid.,  271,  11  (1892). 
'  Ehrhardt,  Ber.,  30,  2012  (1897). 

>  Knovenagle,  ibid.,  31,  2613  (1898). 

*  Zincke  and  Muhlhausen,  ibid.,  38,  3824  (1905). 
^^  Dieckmann  and  Beck,  ibid,,  38,  4122  (1905). 

"  Konig,  /.  i>rakt.  Chem.,  [2]  72,  555  (1905);  88,  193  (1913). 
"  O.  Fisher,  Ber.,  10, 1626  (1877);  Ann.,  206, 141  (1883). 
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green,  a  bluish-green  dye,  and  on  the  other  a  solution  of  a  product  which 
gave  a  more  yellow-green  color  than  the  former  and  which  was  very  un- 
stable to  light.  He  supposed  this  to  be  the  furane  analog  of  malachite 
green. 

On  reviewing  this  work  of  Fisher  the  present  authors  were  struck  by 
the  apparent  inconsistency  that  the  furyl  group  when  substituted  for  the 
phenyl  group  in  the  leuco  base  and  in  the  dye  had  an  opposite  effect 
on  the  absorption  of  light  by  the  compotmds.  The  furyl  group 
in  the  leuco  compoimd  brought  about  a  greater  absorption  in  the  visible 
spectnun  than  the  phenyl  group  (yellow  and  colorless),  while  in  the  oxi- 
dation product  the  furyl  group  seemed  to  absorb  less,  that  is,  the  fiuryl 
derivative  gave  a  yellow-green  color  while  the  phenyl  derivative  gave  a 
blue-green  color. 

It  was  decided  to  repeat  Fisher's  work  in  order  to  determine  with  cer- 
tainty the  color  of  tetramethyl-diamino-diphenyl-furyl-methane.  If 
this  were  in  fact  yellow  then  theory  would  demand  that  the  dye  obtained 
from  it  by  oxidation  (if  of  analogous  structure  to  malachite  green)  should 
absorb  more  light  than  the  latter.  Of  course  there  was  the  possibility 
that  in  the  oxidation,  the  furane  nucleus  was  opened  and  a  compoimd 
similar  to  Konig's  azomethin  dyes  was  obtained.  However,  there  is 
no  evidence  that  such  a  compound  could  be  formed  from  tertiary  amines. 

Experiments  proved  that  tetramethyl-diamino-diphenyl-furyl-methane 
does  absorb  light  in  the  visible  spectrum  and  has  a  light  yellow  color. 
Oiu"  theoretical  considerations  were  fully  borne  out  as  to  the  color  of  the 
salts  of  its  oxidation  product.  The  furane  analog  of  malachite  green 
was  obtained  both  as  the  zinc  chloride  double  salt  and  as  the  oxalate 
by  the  oxidation  of  the  leuco  compound.  These  salts  and  their  solutions 
are  more  deeply  colored  than  is  malachite  green,  and  much  to  our  surprise 
the  colors  of  fabrics  dyed  with  this  substance  are  indistinguishable  as  to 
degree  of  stability  from  the  former  as  shown  by  the  standard  tests  of 
fastness  to  light,  perspiration,  acid,  alkali,  hydrogen  peroxide,  milling, 
stoving,  etc. 

The  dye  gives  gray-blue  shades  on  silk,  wool,  and  mordanted  cotton. 
Like  malachite  green  the  shade  on  cotton  is  not  a  pure  tone,  but  on  wool 
and  particularly  on  silk  very  handsome  effects  are  obtained. 

Attempts  were  made  to  prepare  other  types  of  dyes  containing  the  fu- 
rane nucleus.  An  example  of  an  hydroxy-ketone  dye  was  prepared  by 
the  condensation  of  pyromucic  acid  with  pyrogallol.  It  is  presumably 
the  furane  smalog  of  alizarin  yellow  A,  trihydroxyphenyl-furyl-ketone. 
This  has  a  brown  color,  and  forms  brown,  gray-brown  and  yellow-brown 
lakes  with  aluminum,  chromium  and  iron,  respectively.  It  gives  a  dark 
tan  color  on  cotton  mordanted  with  turkey  red. 

A  number  of  attempts  were  made  to  bring  about  the  condensation  of 
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pyromucic  acid  with  gallic  acid  to  form  the  furane  analog  of  anthra- 
cene brown  (anthragallol)  without  success.  The  presence  of  gallic  add 
seemed,  imexpectedly,  to  augment  the  carbonization  of  the  pyromucic 
acid  by  the  condensation  agents  used,  zinc  chloride  and  sulfiuic  acid. 

Experimental 

Preparation  of  Tetramethyl-diamino-diphenyl-furyl-methaiie. — ^This  product  was 
prepared  by  the  standard  procedure  using  zinc  chloride  as  the  condensing  agent.  The 
leuco  base  obtained  was  subjected  to  exhaustive  purification  by  solution  in  add  and 
precipitation  with  a  base,  treating  with  bone  black  its  solutions  in  aqueous  adds  and  in 
neutral  organic  solvents,  and  final  recrystallizations  from  petroleum  ether.  The 
crystals  obtained  were  light  yellow,  and  the  color  tone  was  pure,  giving  a  further  indi- 
cation that  the  color  was  an  intrinsic  property  of  the  substance. 

Preparation  of  the  Furane  Analog  of  Maladiite  Green. — The  leuco  base  was 
oxidized  with  lead  i)eroxide  in  add  solution  in  the  usual  manner.  It  was  desirable  to 
keep  the  reaction  mixture  cold,  and  stir  continuously  for  2  hours  or  more.  After  the 
dimination  of  the  excess  of  lead  salts,  a  concentrated  solution  of  zinc  chloride  was  added 
and  the  zinc  chloride  double  salt  of  the  dye  salted  out  with  sodium  chloride.  It  sepa- 
rated as  very  dark  blue  crystals  having  a  bronze  reflex.  The  oxalate  was  prepared 
from  a  portion  of  the  dye  solution.  The  dye  base  was  precipitated  with  sodium  hydrox- 
ide and  thoroughly  washed  and  filtered.  It  was  then  treated  with  a  warm  saturated 
solution  of  oxalic  add,  and  the  mixtiure  filtered  warm.  The  oxalate  separated  as 
copper  colored  needle  crystals.  They  were  somewhat  soluble  in  cold  water,  in  ethyl  and 
amyl  alcohol  and  in  acetone. 

The  dye  was  analyzed  by  dissolving  a  well-washed  sample  of  the  dye  base  in  hydro- 
chloric add,  filtering  and  predpitating  the  chloroplatinate  with  platinic  chloride.  The 
predpitate  was  washed  with  alcohol,  dried  and  ignited. 

Analyses.    Calc.  fordiHMONjCUPt.HjO:  Pt,  26.16.    Found:  25.95,26.96. 

The  Condensation  of  I^omudc  Acid  with  Pyrogalld. — Six  g.  each  of  pyromucic 
add  and  pyrogallol  were  heated  with  18  g.  of  anhydrous  zinc  chloride.  The  reaction 
began  at  1 10  ^  and  was  almost  complete  at  about  125  °.  The  product  was  heated  to  145  ** 
until  no  more  gas  was  evolved,  and  then  ground  with  hot  water  to  dissolve  the  excess  of 
the  reagents.  It  was  purified  by  solution  in  sodium  hydroxide  and  predpitation  with 
hydrochloric  acid.  So  obtained  it  is  a  ydlow-brown  powder,  melting  at  160°  (uncorr.). 
It  is  soluble  in  alcohol  and  in  acetone,  and  insoluble  in  petroleum  ether  and  benzene. 
These  solvents  may  be  used  for  its  purification. 

The  product  was  dyed  on  cotton  by  the  method  used  for  alizarin.  A  dark  tan  shade 
was  obtained. 

Summary 

1.  It  is  beheved  that  the  present  authors  were  the  first  to  show  that 
stable  dyes  could  be  obtained  from  furfural  aldehyde  and  from  pyromucic 
acid. 

2.  Contrary  to  the  results  obtained  by  O.  Fisher  but  in  accordance  with 
theory  the  furane  analog  of  malachite  green  has  a  deeper  color  than  the 
latter.  It  is  an  equally  stable  dye  and  gives  a  handsome  efifect  on  silk  and 
wool. 

New  York,  N.  Y. 


Digitized  by  LjOOQ IC 


CLARIFICATION  OF  REDUCING  SUGARS  865 

[Contribution  from  thb  Chemical  Laboratory  of  thb  University  of  Ii^linois] 

THE  CLARIFICATION  OF  SOLUTIONS  CONTAINING  REDUCING 
SUGARS  BY  BASIC  LEAD  ACETATE.    THE  EFFECT  OF  DIFFER- 
ENT DELEADING  AGENTS 

By  Duanb  T.  Engus  and  Chuk  Ybb  Tsang 

Received  January  23.  1922 

The  use  of  basic  lead  acetate  as  a  clearing  agent  for  solutions  in  which 
reducing  sugars  are  to  be  determined  is  contrary  to  general  practice  in 
sugar  analysis. 

The  work  of  Bryan,  ^  Prinsen  Geerligs*  and  others  has  clearly  shown  that  loss  of 
some  reducing  sugars,  particularly  fructose,  accompanies  its  use.  Several  explanations 
have  been  advanced  to  account  for  this  loss.  W.  A.  Davis'  contends  that  in  dilute 
solutions  there  is  no  precipitation  of  fructose  by  the  basic  lead  acetate  even  in  the  pres- 
ence of  chlorides,  sulfates  or  carbonates  if  only  a  slight  excess  of  the  reagent  is  used  and 
this  excess  removed  immediately.  The  change  in  polarization  he  concludes  is  due  to  a 
conversion  of  fructose  to  glucose.  Although  this  transformation  probably  does  take 
place  on  long  standing  of  the  fructose  in  contact  with  the  basic  lead  solution,  nevertheless 
the  work  of  Doerr*  and  of  Pellet'  demonstrates  that  the  loss  is  due  chiefly  to  the  entrain- 
ment  of  the  reducing  sugars  by  the  insoluble  lead  salts,  since  on  decomposing  the  lead 
precipitate  with  sulfuric  acid,  practically  the  entire  quantity  of  sugar  lost  is  recovered. 
Such  an  entrainment  may  take  place  not  only  in  the  original  clarification  process  but 
also  in  the  subsequent  deleading  procedure  when  an  excess  of  the  reagent  has  been 
employed. 

Pellet'  has  pointed  out  that  the  quantity  and  nature  of  the  impurities,  the  amount 
of  lead  acetate  used,  and  the  concentration  of  the  sugar  solution,  affect  the  quantity  of 
sugar  carried  down.  The  nature  of  the  impurity  has  usually  received  only  passing 
notice.    Still,  its  importance  has  been  indicated. 

In  a  study  of  the  carbohydrates  of  the  Snowdrop  (galanihus  nivalis)  Parkin^  in- 
vestigated the  effect  of  addition  of  tannin  to  a  dilute  sugar  solution  containing  a  mixture 
of  sucrose,  glucose  and  fructose  and  its  removal  by  basic  lead  acetate.  A  very  close 
agreement  in  rotation  and  copper  reducing  power  was  observed  for  the  treated  solution 
and  a  blank.  In  the  analysis  of  molasses  Meade  and  Harris'  have  found  that  even  with 
the  use  of  neutral  lead  acetate  for  clarification  purposes,  quite  varied  results  are  obtained 
when  different  deleading  agents  are  used. 

In  view  of  these  facts  it  appears  that  the  nature  of  the  lead  precipi- 
tant is  a  very  important  consideration.  It  seems  desirable  then  to  de- 
termine the  specific  effect  of  dififerent  deleading  agents  in  order  that  it 
may  be  ascertained  whether  the  reported  loss  of  sugars  is  due  chiefly 

»  Bryan,  Bur,  Chem.  BuU.,  116,  73  (1908). 

* Geerligs,  Z.  ver,  deut.  Zucker-Ind„  59, 761  (1908).     Intern.  Sugar  /.,  11, 276  (1909). 

•  Davis,  /.  Agr.  Sci„  8, 1  (1916). 

•  Doerr,  Intern.  Sugar  /.,  18, 402  (1916). 

•  Pellet,  Ann.  chim.  anal.,  21,  217  (1916). 

•  Pellet,  BuU.  assoc.  chim.  sucr.  dist.,  35, 186  (1917). 
»  Parkin,  Biochem.  J.,  6,  12  (1911). 

•  Meade  and  Harris,  /.  Ind.  Eng.  Chem.,  8,  504  (1916). 
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to  entrainment  by  precipitation  of  impurities  naturally  present  in  a  plant 
extract  or,  perhaps,  in  some  cases  at  least  due  in  a  large  measure  to  the 
insoluble  salts  formed  by  the  deleading  agent. 

Experimental  Part 

About  5  g.  of  glucose  was  dissolved  in  water  and  made  up  to  500  cc. 
A  solution  of  lead  acetate  was  prepared  according  to  the  o£Scial  method* 
From  the  dextrose  solution  50cc.  portions  were  meastured  into  each  of 
six  lOOcc.  volumetric  flasks.  One  was  set  aside  as  a  blank  and  to  each 
of  the  others  10  cc.  of  basic  lead  acetate  was  added.  Solutions  of  the 
various  salts  indicated  below,  which  were  selected  as  representative  de- 
leading  agents,  were  then  added  to  the  various  flasks  in  a  quantity  which 
had  been  previously  determined  as  just  sufficient  to  precipitate  10  cc. 
of  the  basic  lead  acetate  solution.  All  were  made  up  to  100  cc,  mixed 
thoroughly  and  filtered.  Reducing  sugar  in  25cc.  portions  of  the  filtrates 
was  determined  by  the  method  of  Brown-Morris-Millar.*® 

The  experiment  was  then  repeated,  using  instead  of  glucose  a  fructose 
solution  of  about  the  same  concentration. 

The  results  are  indicated  in  Table  I  below. 


Eppbct 


Deleading 
agent 


Blank 

K,C04 

Na,HP04 


•a  ^ 


Tabi.«  I 
OP  Dblbading  Agbnts  on  Entrainment  op  Gtucoss  and 
Precipitates  not  washed 

Glu-     ^  -.g    Fruc-    ^  •.§  Deleading         Glu- 

cose    9  S    tose      S  S  agent  cose     S  9 

G.  of  CuO  G.  of  CuO 

0.2737  KjS04             0.2680    87 

0.2765  0.2630 

0.1790  65            KNaC4H40e   0.2700    90 

0.1800  0.2720 

0.2725  98            NajCO,           0.2810    93 

0.2730  0.2785 


G.  of  CuO 

0.3045 
0.3040 
0.2895 
0.2910 
0.2930 
0.2940 


96 


92 


PRUCTOSS 

Fruc-    ^1 
tose     S  8 

G.  d  CuO 
0.1676 
0.1670 
0.2295 
0.2300 
0.2528 
0.2549 


60 


81 


91 


Since  the  presence  of  the  precipitate  would  tend  to  counterbalance 
some  loss  of  sugar  carried  down  by  the  lead  precipitate  another  experiment 
was  performed  with  this  variation:  the  solutions  were  filtered  and  pre- 
cipitates washed  until  the  voltune  of  the  filtrate  was  200  cc.  In  addition 
to  the  salts  tannic  acid  was  introduced  as  a  lead  precipitant.  The  re- 
sults are  recorded  in  Table  IL 

»  "Methods  of  Analysis  A.  O.  A.  C."  p.  74,  1920. 

»•  Brown,  Morris  and  Millar,  /.  Chem.  Soc,  71,  281  (1897). 


Digitized  by  LjOOQ IC 


CLARIFICATION  OP  RBDUCING  SUGARS 


867 


Tabls  II 

Efpbct  of 

DSI^ADING   AgQNTS   ON   EnTRAINMBNT   OP   GlUCOSB    AND   FrUCTOSB 

Precipitates  washed 

Deleading 

1 

t.  after 
ding 

t.  after 
ding 

Deleading 

2 

t.  after 
ding 

t.  after 
iding 

agent 

Percen 
delea 

Per  cen 
delea 

agent 

Per  cen 
delea 

Percen 
delea 

G.  of  CuO       G.  of  CuO 

G.  of  CuO        G.  of  CuO 

I  Blank 

0.1566          0.1425 

V  KNaC4H40. 

0.1486    93  0.1320  95 

0.1580          0.1430 

0.1480          0.1360 

II  K,C,04 

0.1530    98  0.1185  85 

VI  NajCO, 

0.1614    95  0.1250  90 

0.1640          0.1160 

0.1610          0.1255 

III  NaiHPO* 

0 .  1670    99  0 .  1402  99 .5  VII  Tannic  acid 

0.1670    99  0.1410  99.6 

0.1565          0.1400 

0.1660         0.1400 

IVK,S04 

0.1410    91  0.1132  82 
0.1405          0.1100 

Discussion  and  Conclusions 

It  is  shown  from  these  experiments  that  the  loss  of  reducing  sugars 
varies  greatly  when  different  insoluble  lead  salts  are  thrown  out  of  solu- 
tion by  basic  lead  acetate.  The  loss  of  fructose  is  in  general  much  greater 
than  that  of  glucose,  which  result  is  in  accord  with  those  of  previous 
workers.  It  is  quite  interesting  that  carbonates,  sulfates  and  oxalates, 
which  have  been  perhaps  most  extensively  employed  as  deleading  agents 
cause  most  marked  losses  while  with  disodium  phosphate  the  loss  is  nearly 
negligible.  The  use  of  disodium  phosphate  seems  to  have  an  added 
advantage,  in  that  a  dear  filtrate  is  nearly  always  obtained,  while  with 
some  of  the  other  deleading  agents  there  is  a  great  tendency  to  give  tiw- 
bid  filtrates.  With  tannic  acid  a  very  slight  loss  is  to  be  noted.  If  tannin 
may  be  taken  as  a  representative  of  nattural  impmities  in  plant  extracts 
it  would  seem  that  loss  of  sugar,  due  to  the  deleading  agents,  may  be  as 
great  as  that  of  the  natiwal  impurity  in  case  a  large  excess  of  basic  lead 
acetate  was  used  in  the  original  clarification  procedure. 

The  loss  of  sugar  appears  to  be  caused  primarily  by  occlusion  in  the 
lead  precipitate,  since  on  washing  the  precipitate  a  much  smaller  loss  is 
observed. 

Summary 

A  comparative  study  has  been  made  of  the  effect  of  removal  of  basic 
lead  acetate  from  solutions  of  glucose  and  fructose  by  means  of  potassium 
oxalate,  disodium  phosphate,  potassium  sulfate,  potassium  sodium  tartrate 
and  sodium  carbonate.  With  glucose  the  quantity  of  sugar  carried  down 
by  the  lead  precipitates,  as  indicated  by  loss  in  reducing  power,  varies 
from  less  thsm  1%  to  as  much  as  10%;  with  fructose,  from  less  thsm  1% 
to  as  much  as  35%.  Disodium  phosphate  seems  to  be  the  most  satisfac- 
tory deleading  agent. 

USBANA,  iLUNOia 
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OF  Organic  Chemistry] 

THE  ACTION  OF  SULFURIC  ACID  ON  NITROGUANIDINE* 

By  Tenney  L.  Davis 

Recdved  January  27, 1922 

Nitroguanidine  is  an  especially  interesting  and  valuable  explosive 
for  the  reasons  that  it  is  cool,  and  that  it  may  be  produced  cheaply  from 
raw  materials  the  supply  of  which  is  inexhaustible.  While  it  has  about  the 
same  force  as  75%  dynamite,  Vielle's  experiments*  have  shown  that  its 
explosion  produces  a  temperature  of  only  907®  as  compared  with  3161'* 
for  75%  dynamite,  3429°  for  mannite  hexanitrate,  and  2676°  for  the  nitro- 
cellulose powder  of  the  French.  Since  dicyandiamide  reacts*  with  2 
molecules  of  ammonium  nitrate  to  yield  2  of  guanidine  nitrate,  and  since 
guanidine  nitrate  on  treatment  with  strong  sulftuic  acid  gives  nitro- 
guanidine^ in  excellent  yield,  the  explosive  can  be  prepared  by  a  short 
process  from  atmospheric  nitrogen — and  the  action  of  sulftuic  add  on 
nitroguanidine  is  a  matter  of  obvious  and  immediate  interest. 

If  nitroguanidine  is  dissolved  in  cold  cone,  sulfuric  acid  and  the  solu- 
tion is  diluted  promptly  with  water,  the  material  precipitates  again.  If 
the  solution  is  allowed  to  stand,  gas  bubbles  presently  begin  to  come  off 
and  the  solution  after  a  few  days  no  longer  gives  any  precipitate  when 
diluted  with  water.  The  same  gas  evolution  and  destruction  of  nitro- 
guanidine take  place  more  quickly  if  the  solution  in  strong  sulfuric  add 
is  warmed.  In  view  of  these  facts  it  is  necessary  to  operate  rapidly  and 
at  as  low  a  temperature  as  possible  when  preparing  nitroguanidine  from 
guanidine  nitrate  by  the  action  of  sulfuric  acid. 

PreUminary  experiments  showed  that  the  gases  contain  nitrous  oxide 
and  carbon  dioxide  and  that  ammonium  sulfate  remains  in  the  acid  liquid — 
a  restdt  which  leads  us  to  believe  that  the  decomposition  of  nitroguanidine 
by  strong  add  might  be  the  same  as  the  reported  decomposition  by  strong 
alkaU,*  namely,  in  accordance  with  the  following  equation. 

NH2-C(NH)~NH.N02  +  H,0— >- NjO  +  CO,  +  2  NH,. 
We  have  shown  this  to  be  the  case  by  measurements  of  the  amounts  of 
ammonia  and  of  carbon  dioxide.    These  are  produced  quantitatively 

*  This  investigation  was  carried  out  in  connection  with  a  contract  between  the 
Ordnance  Department  and  the  Massachusetts  Institute  of  Technology,  and  the  present 
paper  is  published  by  permission  of  the  Chief  of  Ordnance.  In  this  work  I  have  been 
assisted  by  A.  A.  Morton.    T.  L.  D. 

*  VieUe,  "Mteiorial  des  Poudres,"  11, 195  (1901). 

*  Tms  Journal,  43,  2234  (1921).  Compare  also  Ewan  and  Yotmg,  /.  Soc,  Chem, 
Jnd,,  40,  109-12T(1921). 

«Jousselin,  Campt.  rend.,  88,  1087  (1879).  Pellizzari,  Gazz.  chim.  iUd„  21,  II, 
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in  accordance  with  the  equation  when  a  solution  of  nitroguanidine  in 
sulftuic  add  is  evaporated  until  fumes  come  off.  The  reaction  has  a  possi- 
ble appUcation  as  a  means  of  analysis. 

Nitroguanidine  dissolved  in  dil.  sulfuric  acid  can  obviously  not  be  re- 
covered by  the  evaporation  of  the  solution.  We  have  determined  the 
solubility  of  nitroguanidine  in  sulfuric  acid  of  various  concentrations 
by  measurements  of  the  amoimt  of  carbon  dioxide  which  is  produced 
when  the  solutions  are  evaporated  to  fuming.  We  have  been  able  to 
check  these  results  by  digesting  known  weights  of  nitroguanidine  with  dil. 
sulfuric  acid  in  the  thermostat  and  meastuing  the  loss  in  weight. 

Discussion  of  Experiments 

The  nitroguanidine  which  was  used  for  this  work  was  a  sample  which 
had  been  recrystallized  from  water  to  constancy  of  melting  point.  When 
the  temperattu-e  of  the  melting-point  bath  was  raised  with  moderate 
rapidity,  the  sample  melted  sharply  at  232°  and  decomposed  at  a  sUghtly 
higher  temperature  giving  off  gas  and  depositing  a  white  soUd. 

A  weighed  amount  was  heated  with  sulfuric  acid,  the  acid  liquid  was 
made  sUghtly  alkaline  with  caustic  soda  and  distilled  with  steam  as  in 
the  Kjeldahl  determination  of  ammonia,  and  the  distillate  was  titrated 
with  standard  hydrochloric  acid  solution.  The  ammonia  which  was  found, 
therefore,  was  the  result  both  of  the  acid  and  of  the  alkaline  decomposition, 
but  the  fact  that  ammonia  was  produced  quantitatively  only  when  the 
sulfiuic  acid  solution  had  been  evaporated  to  fuming  is  evidence  that  the 


Wt.  of      Add 

Materials 

Duration  of 

Conditions  of  heating 

NH, 

sample 

heating 

G. 

Cc. 

Hours 

. 

% 

0.2638 

f    ^^ 
I  50 

cone,  acid 

1 

Reflux 

83.33 

water 

condenser 

0.4271       Same 

3 

Reflux  condenser 

68.0 

0.6788 

f    15 

lioo 

cone,  acid 
water 

4 

Same 

64.1 

0.8717 

^    10 

I    1 

cone,  acid 
water 

2 

Fuming  in  Kjeldahl  flask 

100.6 

0.9664       Same 

2 

Boiled  under  reflux 

97.0 

0.7751 

8 

cone,  acid  1                2 
water        J 

Same 

69.3 

5 

1.1484 

2 

10 

fuming  acid 
cone,  acid 

2 

Kuming  in  flask 

99.93 

1.5328 

2 
132 

fuming  acid 
cone,  acid 

2 

Not  fuming 

61.87* 

2.0712 

10 

fuming  acid  1 
cone,  acid    J 

' 

Not  fuming 

71.31 

1.2044 

3 

i     8 

ftmiing  acid 
cone,  acid 

3 

Ptuning 

99.4 

1.5941 

10 

cone,  acid                 3 

Fimiing  in  covered  casserole 

99.6 

1.1484     Ss 

ime 

3 

Same 

99.93 
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alkaline  decomposition  in  our  experiments  was  inconsiderable  and  that 
the  vigor  of  the  sulfuric  acid  treatment  was  the  determining  factor.  It 
was  found  necessary,  when  working  with  cone,  sulfuric  add,  to  start  the 
heating  slowly;  otherwise  small  explosions  occurred  involving  possible 
loss  of  material.  The  various  experiments  are  tabulated  below,  where 
the  conditions  imder  which  each  experiment  was  carried  out  are  indicated. 
The  per  cent,  is  the  amount  of  ammonia  which  was  found  calculated  as 
a  fraction  of  the  amotmt  which  would  be  expected  in  accordance  with  the 
above  equation.  Results  were  satisfactory  in  the  cases  in  which  the 
liquid  was  evaporated  to  fimiing. 

Vigorous  heating  was  found  to  be  necessary  also  for  the  Uberation  of 
all  of  the  carbon  dioxide  from  nitroguanidine.  Satisfactory  results  were 
obtained  by  dissolving  the  sample  in  dil.  sulfuric  acid  and  evaporating 
imtil  crystals  of  ammonium  sulfate  separated  from  the  liquid.  Rather 
elaborate  apparatus  was  necessary  in  order  that  no  part  of  it  might  be 
attacked  by  sulfuric  acid  fumes  and  in  order  that  sulfuric  add  and  water 
might  be  completely  removed  from  the  gases  before  they  reached  the 
tubes  for  the  absorption  of  carbon  dioxide.  As  the  solution  became  con- 
centrated, it  was  necessary  to  continue  the  heating  more  slowly  in  order 
to  avoid  a  violent  evolution  of  gas. 


Wt.  of         Acid        Materials      Duration  of      Conditions  of  heating 


CO, 


sample 


heating 


G. 

i 

[^. 

Hours 

% 

0.3028 

10 
5 

cone,  acid 
water 

V. 

Boiled  slowly 

93.9 

0.2815 

Same 

V4 

Same 

55.0 

0.7906 

20 
10 

cone,  acid  ^ 
water 

Vi 

Same 

54.0 

0.8500 

30 
5 

cone,  acid 
water 

3 

Same 

97.77 

♦2.6994 

4 
2.5 

cone,  acid 
water 

iVt 

Boiled  until  crystals  appeared 

99.47 

♦1.9736 

Same 

Same 

Same 

99.93 

1.9593 

Same 

Same 

Same 

99.95 

1 .7374 

Same 

Same 

Same 

99.90 

1.4489 

Sac 

ae 

Same 

Same 

100.11 

In  the  two  experiments  which  are  marked  with  a  star,  0.4  g.  of  potassium 
permanganate  was  added  in  the  expectation  that  it  would  hasten  the  de- 
composition of  the  nitroguanidine.  It  was  found  however  to  be  without 
material  effect. 

Samples  of  nitroguanidine  were  digested  with  sulfuric  acid  of  various 
concentrations  (the  specific  gravity  was  determined)  in  a  well-regulated 
thermostat  at  25°  for  periods  of  at  least  3  days.  A  meastured  volimie  of 
the  saturated  solution  was  then  removed,  and  nitroguanidine  was  deter- 
mined in  it  by  weighing  the  carbon  dioxide  which  it  evolved  when  heated 
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as  described  above.  Similar  experiments  were  carried  out  with  samples 
digested,  with  frequent  shaking,  in  ice  water  for  at  least  3  days.  Re- 
sults are  shown  in  the  following  table. 


Sulftiric  add 

Nitroguanidine  (g.)  per  100  cc.  of 

Sp.gr. 

% 

at  0<»                             at  25<» 
G.                                 G. 

1.092 

13.2 

0.3418 

1.120 

17.0 

0.2498                   0.6162 

1.132 

18.6 

0.4438                   0.8988 

1.160 

22.2 

0.5324                    1.367 

1.187 

26.6 

0.5822                    1.909 

1.219 

29.7 

1.107                     2.815 

1.269 

35.6 

5.348 

1.356 

46.4 

5.368                    10.81 

In  order  to  check  these  results  another  set  of  determinations  was  made 
by  a  dififerent  method.  An  excess  of  nitroguanidine,  previously  dried 
to  constant  weight  and  weighed,  was  placed  in  each  of  seven  250cc.  glass- 
stoppered  narrow-mouth  bottles;  150cc.  portions  of  dil.  sulfuric  acid 
of  known  specific  gravity  were  introduced  into  the  bottles,  and  the  bottles 
were  shaken  in  the  thermostat  at  25°  for  10  hours.  The  contents  of  each 
bottle  was  filtered  immediately  through  a  weighed  Gooch  crucible,  drained 
as  much  as  possible,  carefully  washed  with  25  cc.  of  ice  water,  dried  to 
constant  weight  at  100®  and  weighed.  The  solubility  of  the  nitroguani- 
dine was  calculated  on  the  basis  of  the  amount  which  was  left  imdissolved. 
Another  series  was  carried  out  in  the  same  way  except  that  the  bottles 
after  removal  from  the  thermostat  were  kept  in  ice  water  for  2  days  with 
frequent  shaking.  These  experiments  were  made  in  duplicate.  The  re- 
sults tabulated  below  are  the  means  of  two  determinations. 

Nitroguanidine  per  100  cc.  of  solution 

at  0«  at  25° 

G.  G. 

0.447  0.700 

0.495  0.920 

0.664  1.280 

0.755  1.800 

1.506  2.714 
6.461 

6.956  11.129 

Jn  the  accompanying  graph  the  values  obtained  by  determination 
of  carbon  dioxide  are  indicated  by  crosses  while  those  obtained  by  dif- 
ference of  weight  before  and  after  treating  with  solvent  are  indicated  by 
black  dots.  It  appears  that  the  two  methods  give  substantially  the  same 
result. 

The  mean  ciuves  are  plotted.  Reading  from  them  we  obtain  the  follow- 
ing figiwes  for  the  solubility  of  nitroguanidine  in  sulfuric  acid  of  various 


Sulfuric  acid 

5p.  gr. 

% 

1.12 

17.0 

1.13 

18.3 

1.15 

20.9 

1.18 

24.8 

1.22 

29.8 

1.26 

34.6 

1.349 

44.7 
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concentrations.    The  values  for  pure  water,  determined  by   the   tisual 
method,  are  included  for  purposes  of  comparison. 
60 


^  40 

o 


I 


fl   30 


20 


9 


Pi 


10 


•  Am 


12 


Fig.  1.— ! 


2  4  6  8  10 

Grams  of  nitroguanidine  per  100  cc.  of  solution. 
Solubility  of  nitroguanidine  in  sulfuric  acid  of  various  concentrations, 


Cone,  of  sulfuric  add  used 

Nitroguanidine  per  100  cc.  of  solul 

% 

at  0*"                                        at  25* 

G.                                               G. 

45 

6.8                               10.9 

40 

3.4                                 8.0 

35 

2.0                                  5.2 

30 

1.3                                  2.9 

25 

0.75                                1.8 

20 

0.45                                1.05 

16 

0.30                                0.65 

0 

0.12                                0.42 

Summary 

Nitroguanidine  is  decomposed  quantitatively  by  hot  cone,  sulfuric 
acid,  half  of  its  nitrogen  appearing  as  ammonia  and  all  of  the  carbon 
as  carbon  dioxide.  By  taking  advantage  of  this  reaction  to  determine 
the  solubility  of  nitroguanidine  in  sulfuric  acid  of  various  concentrations, 
results  have  been  obtained  which  check  with  those  determined  by  the 
more  direct  method. 

Cambridge  39,  Massachusetts 
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NOTE 
Correction. — On  p.  2374  of  the  article  by  Adams,  Bramlet  and 
Tendick,  in  This  Journal,  42,  2369  (1920),  starting  with  the  heading 
"Methylanilide  of  Pyruvic  Acid,"  read  as  follows. 

Mefhylanilide  of  Pynmc  Acid. — ^To  4  moles  of  methyl-magnesitim  iodide,  1  mole 
of  dimethyl-oxanilide  was  added  gradually.  The  reaction  was  worked  up  as  described 
under  the  preparation  of  the  methylanilide  of  a-ketobutyric  acid.  The  product  formed 
a  light  yellow  oil  which  when  pure  boils  at  148-150°  at  10  mm. 

Analysis.  Subs.,  0.1626:  10.2  cc.  N,  (27°  and  765  mm.).  Calc.  for  CuHuOiN: 
N,  7.9.    Found:  8.1. 

Methylanilide  of  Benzoylformic  Acid. — ^An  excess  of  phenyl-magnesium  bromide 
was  treated  with  1  mole  of  dimethyl-oxanilide  and  the  product  worked  up  in  the  way 
described  above.  From  the  ether  solution,  a  brown  oil  was  obtained.  This  oil  solidified 
to  a  crystalline  mass  after  48  hours.  The  crystals  are  sucked  dry  from  the  oil,  washed 
with  a  little  petroleum  ether  and  ether  and  finally  crystallized  from  the  same  mixture. 
White  needles  melting  at  83-84°  were  obtained. 

Analysis.  Subs.,  0.2230:  11.6  cc.  Ni  (24°  and  765  mm.).  Calc.  for  C,»HuO»N: 
N,  5.8.    Found:  6.0. 

The  second  and  third  structiu-al  formulas  in  the  reaction  given  at  the 
top  of  p.  2371  are  incorrectly  formulated.    They  should  be  as  follows. 

CHf  V  /CHi 

>N— C— C— N<  +  R  Mg  Br  — > 

Ch/.     Ill    III         \C*H. 

o   o 

R  CH, 


CH,  V  I  / 

^N— C— C— N  — >  R— C— C 


yCH, 


CH/  I      II      \ 

I     O       CJI»  o    o 

OMgBr 
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Report  of  the  American  Committee  on  Electrolysis.  American  Institute  of  Electrical 
Engineers,  33  West  39th  Street,  New  York,  N.  Y .,  1921 .  204  pp.  33  figs.  15  X  24 
cm.     Price  $1.00. 

The  American  Committee  on  Electrolysis  has  just  issued  its  1921  report, 
superseding  its  preliminary  report  of  1916.  This  report  embodies  such 
statements  of  facts  and  descriptions,  and  discussions  of  methods  of  elec- 
trolysis testing  and  electrolysis  mitigation  as  the  members  of  the  committee 
have  been  able  thus  far  to  agree  upon  unanimously.  In  the  preface,  signed 
by  Bion  J.  Arnold,  Chairman  of  the  Committee,  the  following  statement 
is  made: 

"While  this  report  supersedes  the  preliminary  report  of  1916,  it  should,  unless  the 
principals  see  fit  to  discontinue  the  work  of  the  main  committee,  be  considered  as  in  the 
nature  of  a  progress  report  and  not  as  final,  as  it  is  impossible  at  the  present  time  to 
finally  answer  many  of  the  outstanding  questions  involved.  Also  it  is  to  be  understood 
that  the  report  is  confined  to  the  technical  and  engineering  aspects  of  the  subject  and 
does  not  attempt  to  deal  with  matters  of  policy  or  with  legal  questions,  such  as  the 
rights  and  responsibilities  of  the  several  interests  concerned." 

The  report  comprises  five  chapters.  Chapter  I  sets  forth  a  rather  full 
statement  of  principles  and  definitions.  Chapter  II  is  devoted  to  a  some- 
what detailed  discussion  of  the  design,  construction,  operation,  and  mainte- 
nance of  railways  and  underground  structures  affected  by  electrolysis,  and 
to  a  discussion  of  questions  involving  the  interconnection  of  affected 
structures  and  railways,  ending  with  a  summary  of  good  practice  as  agreed 
upon  by  the  committee.  Chapter  III  gives  a  discussion  of  the  funda- 
'  mentals  of  the  whole  question  of  electrolysis  surveys,  their  purpose,  scope, 
possibilities,  and  interpretation,  and  also  a  discussion  of  the  instruments 
suitable  for  electrolysis  testing.  Chapter  IV  is  devoted  to  an  analysis  of 
present  European  practice  relating  to  electrolysis  mitigation.  In  Chapter 
V  the  committee  outlined  certain  researches  which  it  deems  necessary  to 
have  carried  out  in  order  to  make  it  possible  to  reach  a  final  solution  of 
some  of  the  fundamental  questions  pertaining  to  electrolysis  mitigation. 

The  American  Committee  on  Electrolysis  which  prepared  this  report  is 
a  joint  committee  having  three  representatives  from  each  of  the  following 
organizations. 

American  Institute  of  Electrical  Engineers 
American  Electric  Railway  Association 
American  Gas  Association 
American  Railway  Engineering  Association 
American  Telephone  and  Telegraph  Company 
Americcm  Water  Works  Association 
National  Electric  Light  Association 
Natural  Gas  Association 
National  Bureau  of  Standards 

Burton  McCoixum 
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A  Laboratory  Manual  of  General  Chemistry.  By  Jambs  H.  Wai^ton,  Ph.  D.,  Professor 
of  Chemistry,  Univ.  of  Wisconsin,  and  pRANas  C.  Krauskopf,  Ph.  D.,  Associate 
Professor  of  Chemistry,  Univ.  of  Wisconsin.  The  Collegiate  Press,  George 
Banta  Publishing  Co.,  Menasha,  Wis.,  1920.  v  +  172  pp.  7  figures. 
16  X  23.5  cm. 

This  manual  includes  about  one  hundred  and  fifty  experiments,  and 
seems  especially  adapted  to  the  use  of  a  class  in  which  some,  but  not  all, 
of  the  students  have  had  a  preliminary  school  course.  "A  number  of 
time-honored  experiments  of  doubtful  value  have  been  left  out.  In  par- 
ticular, many  test-tube  experiments  which  teach  isolated  facts  and  furnish 
information  of  an  encyclopedic  nature  only  have  also  been  omitted." 
Alternate  pages  of  the  manual  are  blank,  and  are  apparently  to  be  used 
instead  of  a  notebook  for  "the  (necessarily  brief)  record  of  observations, 
inferences,  equations,  answers  to  questions,  etc."  The  book  is  rather 
bulky,  due  to  the  introduction  of  these  blank  pages,  and  to  the  inclusion  of 
a  detailed  outline  (39  leaves)  of  the  first  semester's  work.  This  is  intended 
to  teach  the  beginning  college  student  how  to  outline  his  work,  and  should 
serve  the  purpose  admirably.  There  are  also  examination  questions  and 
problems,  appendices  on  "Units  of  Measurement,"  "Charles'  Law  and 
Boyle's  Law,"  "Important  Elements  and  Some  of  Their  Physical  Proper- 
ties," and  "Activity  Series  of  the  Metals,"  and  a  classified  list  of  references 
for  outside  reading.  The  usual  lists  of  apparatus,  chemicals,  and  tables 
of  the  vapor  pressure  of  water,  etc.,  complete  the  book. 

The  experiments  are  well  suited  to  beginners  of  college  grade,  and  some 
of  them  will  also  interest  freshmen  who  have  had  a  good  high-school  course, 
but  a  larger  proportion  of  more  diflScult  experiments  and  preparations  on 
a  slightly  larger  scale  woidd,  in  the  reviewer's  opinion,  make  the  book  more 
valuable  for  the  latter  class  of  students.  Experiment  98  on  osmotic  pres- 
sure is  ingenious,  and  so  is  Experiment  20  on  velocity  of  crystallization. 

A  certain  lack  of  care  in  expression  is  noticeable.  "To  just  melt," 
"to  just  touch,"  "to  first  wash,"  and  similar  constructions  are  of  frequent 
occurrence.  There  seem  to  be  misprints  in  the  "Caution"  on  p.  6,  and 
in  the  heading  of  Expt.  138. 

NoRRis  F.  Haix 

Zeittaf  eln  zur  Geschichte  der  organischen  Chemie  (Chronological  Tables  of  the  History 
of  Organic  Chemistry).  By  Prof.  Dr.  Edmund  O.  von  Lippmann,  Dr.  Ing.  E.  H. 
at  the  Technische  Hochschule,  Dresden,  Director  of  the  Zuckerraffinerie  Halle, 
Halle  a.S.  Julius  Springer,  Berlin,  1921.  Paper  covers;  67  pages  with  index 
17  X  25  cm.    Price  18  Marks  in  Germany,  54  Marks  in  America. 

The  many  readers  of  Prof.  Lippmann's  essays  upon  scientific  and  his- 
torical subjects  will  welcome  his  new  "chronological  tables  of  the  history 
of  organic  chemistry."  This  little  work  developed  from  the  author's 
growing  collection  of  historical  notes,  the  complete  absence  of  indexes 
in  the  recent  histories  of  organic  chemistry  by  Hjelt  and  by  Graebe  and 
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the  demand  for  a  convenient  source-book  of  inf onnation  finally  influencing 
him  to  attempt  its  publication. 

Prof.  Lippmann  begins  his  chronology  at  the  year  1500  with  oil  of 
absinthe,  first  mentioned  in  Brunschwig's  "Distillirbuch"  and  closes  it 
at  the  year  1890  with  the  centric  naphthalene  formula  of  Bamberger. 
Within  this  compass  he  mentions  over  1400  of  the  principal  subjects 
pertaining  to  organic  chemistry  with  the  names  of  discoverers  and  ref- 
erences. To  the  scattered  land-marks  of  organic  chemistry  before  the 
year  1500  a  page  of  the  preface  is  devoted.  Necessary  restrictions  pre- 
vented the  extension  of  the  tables  after  1890.  This  year,  with  its  synthesis 
of  the  sugars  and  other  discoveries,  gave  such  an  impetus  to  organic  re- 
search that,  as  Prof.  Lippmann  remarks,  more  new  compotmds  were  dis- 
covered within  the  next  decade  than  in  the  entire  preceding  century. 
The  commencement,  at  about  this  date,  of  abstract  jotunals  with  their 
indexes  of  current  literatiu*e  also  rendered  a  f iu*ther  continuance  of  the  plan 
unnecessary. 

In  the  selection  and  arrangement  of  his  chronographic  material,  Prof. 
Lippmann  has  shown  good  judgment  and  impartiality.  All  cotmtries, 
as  he  remarks  in  his  introduction,  have  contributed  their  part  towards 
erecting  the  temple  of  science  and  with  this  thought  in  mind  he  has  aty 
tempted,  so  far  as  was  possible,  to  give  credit  where  credit  was  due.  The 
following  typical  example  will  indicate  his  general  method  and  fairness 
of  treatment. 

1831.    Chloroform  und  Chloral  aus  Alkohol  und  Chlor,  Liebig  {Pogg. 
24,  444;   A.  1,  189;   die  Formeln  sind  noch  unrichtig).    Chloro- 
form aus  Alkohol  imd  Chlorkalk,  Soubeiran  (A.  ch.  II,  48,  131) ; 
Guthrie  {SilUmarCs  Amer.  Journ.  21,  64  (1832));    Gr.  76. 
In  addition  to  dates,  compotmds  and  authorities  each  page  of  the  tables 
has  a  convenient  set  of  footnotes  that  give  the  etymologies  of  the  different 
organic  chemical  terms.    Separate  indexes  of  authors  and  subject  matter 
assist  in  the  work  of  reference. 

A  compendium  of  this  character  has  necessarily  certain  shortcomings, 
for  no  two  organic  chemists  will  be  found  to  agree  in  their  choice  of  se- 
lective material.  The  author  with  full  consciousness  of  this  limitation 
has  very  modestly  termed  his  compilation  an  experiment.  The  -eviewer 
believes  that  all  chemists  who  have  occasion  to  consult  the  chronological 
tables  of  Prof.  Lippmann  will  vote  the  experiment  a  decided  success. 
In  addition  to  its  value  as  a  reference  booklet  the  work  gives  a  general 
perspective  of  the  historic  development  of  organic  chemistry  such  as  no 
other  volume  of  its  size  can  offer. 

C.  A.  Browns  » 
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STUDIES    ON    SOLUBILITY.    IV.    THE    PRINCIPLE    OF    THE 
SPECIFIC  INTERACTION  OF  IONS 

By  J.  N.  Br6nsted 
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1.    Introduction 

Although,  according  to  the  theory  of  complete  dissociation  of  the  strong 
electrolytes,*  the  thermodynamic  properties  of  salt  solutions  are  fairly 
satisfactorily  accotmted  for  by  making  the  electrical  forces  arising  from 
the  net  charges  of  the  ions  responsible  for  the  deviations  of  such  solutions 
from  the  ideal  state,  the  total  ion  concentration  here  appearing  as  the  pre- 
dominating factor,  a  more  detailed  examination  of  activity  coefficients, 
especially  by  means  of  solubility  measurements,*  has  shown  the  activity 
of  ions  to  depend  very  markedly  on  their  individual  natures  and  also  to  be 
distinctively  influenced  by  the  natures  of  the  salt  solutions  serving  as  sol- 
vents. It  seems  to  the  writer,  therefore,  that  further  progress  in  this 
field  can  be  expected  only  by  a  thorough  study  of  those  individual  proper- 
ties of  the  ions. 

In  recent  papers  Maclnnes'  and  Hamed^  have  made  interesting  contri- 
butions to  the  question  of  the  activities  of  separate  ions.    The  first  prin- 

^  For  literature  see  the  first  article  of  this  series,  Tms  Journal,  42,  761  (1920). 
>  Brdnsted  and  Agnes  Petersen,  ibid.,  43,  2265  (1921). 

*  Maclnnes.  ibid.,  41,  1086  (1919). 

*  Hamed.  ibid.,  42,  1808  (1920). 
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ciples  introduced  by  Maclnnes  that  the  activities  of  the  cation  and  anion 
in  the  same  solution  may  differ  from  one  another  does  not  conflict  "with 
previous  views  because  the  asstmiption  of  equality  of  the  activity  coeflS- 
cients  has  been  used  only  as  a  conscious  approximation  in  order  to  simplify 
the  question  in  hand.  The  second  principle,  that  the  activity  of  the  chlo- 
ride ion,  at  any  given  concentration,  is  independent  of  the  cation  associated  . 
with  it,  and  especially  the  more  generalized  form  of  this  principle  suggested 
by  Hamed  is,  however,  of  much  more  questionable  nature. 

This  principle  stated  by  the  authors  as  "the  principle  of  the  independent 
activity  coefficients  of  the  ions"  involves  the  necessity  that  any  ion  dis- 
solved in  slight  amoimts  in  various  dilute  salt  solutions  of  the  same  concen- 
tration should  possess  the  same  activity  coefficient  independent  of  the 
nature  of  the  solvent.  This,  however,  cannot  be  true  because  the  solubility 
of  a  slightly  soluble  salt  varies  largely  when  passing  from  one  solvent  to 
another.  Measurements  made  in  this  laboratory  show  the  departure 
for  a  uni-univalent  salt  into  uni-univalent  solvents  to  amount  in 
many  cases  to  10%  in  0.1  A/"  solutions.  Of  course  if  the  concentration 
decreases,  this  departure  will  likewise  decrease,  but  only  for  the  reason 
that  activity  coeflScients  with  decreasing  concentration  generally  approach 
the  same  ideal  value.  It  is  a  consequence  of  the  results  referred  to  above, 
that  the  activity  coeflScient  of  an  ion  is  to  a  similar  extent  a  f  imction  of  the 
nature  of  this  ion  itself  and  of  the  solvent  containing  it. 

The  incorrectness  of  the  principle,  however,  is  brought  out  most  strik- 
ingly by  the  following  thermodynamic  reasoning. 

In  a  mixture  of  ni,  «2,  wj molecules  with  the  activities  fi  fe  fe.  . . . 

and  the  activity  coeflScients /i,  /a,  /a the  equation 

S«i  d  In^i  =r«i  d  /«  —  -h  2ni  d  /«  /i  =  0 
n 

holds  thermodynamically,^  n  being  the  total  number  of  molecules,  and  is 
easily  reduced  to 

2wid/»/i=0 

This  equation  shows  that  when  a  dilute  salt  solution  is  gradually  changed 
into  another  salt  solution  of  the  same  concentration  and  the  activity 
coefficients  of  the  ions,  according  to  the  principle,  remain  constant,  the 
same  will  be  the  case  with  the  activity  of  the  solvent.  All  salt  solutions  of 
the  same  concentration  must,  therefore,  have  the  same  freezing  point, 
involving  again  the  same  activity  coefficient  for  all  ions,  independent  of 
their  nature.  The  principle  of  the  independent  activity  coeflScients,  there- 
fore, ends  in  the  assumption  of  equal  activity  coefficients  for  all  ions  in 
dilute  solutions.  This  thermodynamic  result  shows  clearly  that  this 
*  See  Section  8  of  this  paper. 
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principle  cannot  be  true  and  that  it  indeed  contradicts  the  first  of  the 
above  principles.* 

The  principle  of  the  independent  activity  coeflScients  is  based  on  a  con- 
jectured relation  between  activity  and  electrical  conductivity  of  ions. 
Without  going  into  details  respecting  the  availabiUty  of  such  a  relation, 
the  present  writer  wishes  to  emphasize  the  advantage  of  making  thermo- 
dynamically  related  phenomena  such  as  freezing  points,  solubilities  and 
electromotive  forces  a  basis  for  calculations  of  activity  and  osmotic 
coefficients.  By  associating  experimental  results  from  these  various 
fields  of  investigation,  it  seems  to  be  possible  to  reach  a  more  detailed 
survey  of  the  thermodynamic  properties  of  solutions,  particularly  as  re- 
gards the  problem  of  the  mutual  electrical  interaction  of  the  ions  and  their 
salting-out  effect. 

The  possibility  of  interpreting  the  properties  of  salt  solutions  from  this 
point  of  view  has  already  been  touched  in  the  first  article  of  this  series. 
The  object  of  the  present  paper  is  to  prove  that  the  activity  coefficient 
of  an  ion  is  made  up  of  several  factors,  depending  partly  upon  properties 
belonging  to  the  medium,  and  partly  upon  an  interaction  between  the 
ion  concerned  and  the  ions  of  the  solvent;  and  it  will  show,  moreover,  that 
simple  means  are  available  for  determining  experimentally  the  ratio  be- 
tween these  separate  coefficients. 

This  problem  is  most  simply  attacked  by  confining  ourselves  to  a  con- 
sideration of  solutions  in  which  the  total  ion  concentration  is  kept  con- 
stant so  that  no  change  in  the  primary  Milner-effect  will  confuse  the  pic- 
•  In  a  recent  interesting  paper  Lewis  and  Randall  [Tms  Journal  43,  1112  (1921)] 
have  given  a  complete  treatment  of  the  theory  of  ion  activities,  in  which  the  principle 
here  in  question  is  accepted  and  extended  by  introducing  a  new  conception,  the 
ionic  strength.  In  spite  of  the  obvious  im<5ortance  to  be  attached  to  the  results  resting 
upon  the  application  of  this  conception,  the  conclusions  of  these  authors  as  regards  the 
problem  here  at  hand  are  hardly  compatible  with  the  extensive  amount  of  experimental 
material  now  available.  It  does  not  agree  for  instance  with  the  fact  found  by  Bron- 
sted  and  Agnes  Petersen  (Ref .  2)  that  in  the  case  of  poljrvalent  ions  the  electric  type 
is  of  marked  influence  upon  the  solubility.  It  seems  as  if  this  inconsistency  may  at 
least  partly  arise  from  the  fact  that  the  solubility  of  rather  soluble  salts  was  made  a 
basis  of  the  conclusions.  Evaluating  solubility  data  for  activity  determination  in 
various  solvents  is  possible  only  in  a  region  of  somewhat  higher  concentration  than  that 
corresponding  to  the  solubOity  of  the  saturating  salt  in  pure  water.  In  the  case  of 
thallous  chloride,  for  instance,  the  solubility  of  which  is  0.016  in  pure  water,  the  ap- 
parent steep  convergence  of  the  curves  corresponding  to  the  various  solvents  [Lewis 
and  Randall,  loc.  cit.,  p.  1134,  Fig.  4]  does  not  involve  a  similar  disappearance  of  the 
individualities  of  the  solvents,  but  simply  indicates  the  gradual  approach  of  the  compo- 
sition of  the  saturated  solutions  to  pure  thallous  chloride  solutions.  If  a  much  less 
soluble  modification  of  TlCl  could  be  employed  we  should  certainly  find  appreciable 
differences  at  0.016  N  concentration.  Not  too  much  weight,  therefore,  can  be  given 
to  the  complete  agreement  of  the  low  concentration  data  extrapolated  in  Table  XDC. 
The  above  mentioned  thermodjmamic  argument  applies  of  course  invariably  in  the  case 
of  the  generalized  principles. 
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ture  of  the  changing  peculiarities.  On  the  other  hand  a  thorough  treat- 
ment of  this  problem  must  include  the  effect  of  changing  concentration 
as  well.  In  this  respect  the  chief  object  will  be  to  represent  the  peculiari- 
ties in  such  a  form  that  they  will  vanish  uniformly  as  the  concentration 
approaches  zero.  This  question  of  the  concentration  effect  will,  however, 
be  reserved  for  a  following  article. 

2.    The  Complex  Nature  of  the  Activity  Coefficients 

In  the  third  article  of  this  series^  a  great  niunber  of  examples  showed 
that  equally  strong  solutions  of  various  uni-univalent  salts  dissolve  slightly 
soluble  metal-ammonia  salts  in  largely  varying  proportions.  For  instance, 
in  the  case  of  oxalo-tetrammine  cobaltic  tetranitro-diammine  cobaltiate 
the  following  solubilities,  5,  were  foimd  at  0°. 


Solvent 
0.1  N 

s 

Solvent 
0.1  N 

s 

Na  formate 

0.00128 

K  chloride 

0.00137 

K  formate 

0.00132 

K  nitrate 

0  00141 

The  first  and  the  last  numbers  differ  by  about  10%. 

The  simplest  way  to  accotmt  for  such  diversities  would  be  to  ascribe 
them  to  a  certain  dissolving  power  peculiar  to  each  solvent,  analogous 
to  what  has  been  assumed  in  the  case  of  non-electrolytes  dissolved  in 
solutions  of  various  salts.  It  is  obvious,  however,  that  conditions  as 
simple  as  these  do  not  prevail  in  the  case  of  dissolved  ions,  because  dis- 
solving powers  calculated  in  this  way  vary  pronouncedly  from  one  satu- 
rating salt  to  another. 

This  is  shown  by  a  good  many  data  in  the  paper  cited  above.^  It 
also  appears  clearly  from  the  fact  that  the  solubilities  of  various  sparingly 
soluble  salts  are  influenced  quite  differently  by  the  same  solvent  as  ex- 
hibited, for  example,  by  the  following  data  for  oxalo-tetrammine  cobaltic 
tetranitro-diaCmmine  cobaltiate  (Ox-N)  and  cesium  tetrathiocyanato- 
dicunmine  chromiate  (Cs-R)  at  20°. 


V. 


S9 


Ox-N  0.00266  0.00372  1.40 

Cs-R  0.00263  0.00323  1.23 

So  and  5  here  indicating  the  solubility  in  pure  water  and  OA  N  potassium 
nitrate  solution,  respectively.  In  spite  of  the  nearly  identical  values  of 
the  solubiUties  of  these  two  salts  in  water  the  solubilities  in  0 . 1  iV  potassium 
nitrate  solutions  differ  largely. 

These  facts  forced  us  to  assume  certain  effects  of  interaction  between 

the  ions  in  addition  to  the  effect  of  the  dissolving  power  or  salting-out 

effect,  pecuhar  to  each  salt  solution.    We  must  again  assume  both  of  these 

effects  to  result  from  isolated  causes  due  to  the  two  ions  constituting 

^  Tras  JouRNAi*,  43,  2265  (1921). 
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the  solvent  salt.  We  must,  therefore,  represent  the  activity  coefficient 
of  a  dissolved  ion  as  a  product  of  4  separate  coefficients,  namely  2  coeffi- 
cients of  interaction  and  2  salting-out  coefficients. 

In  order  to  give  these  ideas  a  mathematical  form  the  following  notations 
will  be  used. 

/,  Activity  coefficients  in  general. 

/k,  Activity  coefficients  of  the  ion  K"*"  in  general. 

/k(n»ci)»  Activity  coefficients  of  the  ion  K"*"  in  NaCl  solution. 

fit  Coefficients  of  interaction  in  general. 

/k(n«).  Coefficients  of  interaction  of  the  ion  K  ^  influenced  by  Na^. 

/K(ci)»  Coefficients  of  interaction  of  the  ion  K"*"  influenced  by   Cl~. 

/i*.  Salting-out  coefficients  in  general. 

/(K),  Salting-out  coefficients  of  the  ion  K+. 

r/,  Ratio  of  activity  coefficients  in  general. 

ru  Ratio  of  coefficients  of  interaction. 

r«,  R^tio  of  salting-out  coefficients. 

Furthermore  we  put  -11^^>  «  rK(N.ci/Licu;  tt^n  =  ''kcci/no;  7^  =  ^tKjyi^s 

By  K,  Na .  . .  .  and  CI,  NO3 ...  is  here  meant  not  only  potassium,  sodium .... 
chloride  and  nitrate  ions  but  generally  various  cations  and  anions  respec- 
tively. 

By  means  of  the  above  asstunption  regarding  the  complex  nature  of 
the  activity  coefficient  we  can,  for  example,  express  the  activity  coeffi- 
cient for  the  potassium  ions  as  follows. 

/k(N»CI)  =/k(N»J  /k(C1)  /(N»)  /(CI)  (1) 

While  the  coefficient  of  interaction  is  determined  by  the  nature  of  the 
ions  of  both  the  solute  and  the  solvent  salt,  the  salting-out  coefficient 
obviously  has  a  more  general  character,  as  it  depends  merely  upon  the  sol- 
vent itself. 

3.    The  Principle  of  the  Specific  Interaction  of  Ions 

Various  considerations  have  led  the  writer  to  conclude  that  the  above 
expression  (1)  for  the  activity  coefficient  of  an  ion  can  be  largely  simplified, 
namely,  by  introducing  what  we  shall  call  the  principle  of  the  specific  in* 
ieraction  of  ions.    This  principle  may  be  stated  as  follows. 

In  a  dilute  salt  solution  of  constant  total  concentration^  ions  will  be  uni- 
formly influenced  by  ions  of  their  own  sign. 

We  can  therefore  write 

/k(k)  =  /k(n»)  *  /ci(ci)  *=  /ci(NO|)  =*  k  (2) 

k  being  a'constant  depending  only  upon  the  concentration.  For  the  pres- 
ent purpose,  when  we  are  comparing  solutions  of  the  same  concentration, 
it  can  be  equated  to  unity.  We  then  obtain  the  following  fundamental 
equations  as  a  complete  statement  of  our  principles. 
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/k(kci)  =  /k(ci)  /(k)  /(CI)         1  (3) 

/k(N.CI)    =  /k(CI)  /(N»)  /(CI)        / 

That  this  simplification  is  allowable  becomes  probable  from  a  theo- 
retical point  of  view  when  we  remember  that  the  individual  deviations 
of  salts  in  dilute  solutions  are  mainly  due  to  secondary  electric  forces* 
determined  by  the  size  and  structure  of  the  ions  and  the  number  and  po- 
sitions of  the  separate  electric  charges  of  which  the  net  charge  is  composed. 
In  the  case  of  ions  of  the  same  sign  the  repelling  forces  will  tend  to  keep 
them  apart  and  therefore,  in  dilute  solution,  to  annihilate  secondary 
effects  perceptible  only  when  the  ions  have  sufiiciently  approached  to  one 
another. 

Experimental  indications  of  the  vaUdity  of  the  above  principle  are  fiu*- 
nished  by  electrical  measurements^  concerning  the  activity  coefficient 
of  the  chlorine  ion  in  0.1  AT  potassium  chloride  and  potassium  nitrate 
solutions.  In  spite  of  the  chloride  dissolving,  on  an  average,  about  4% 
less  of  slightly  soluble  salts  than  the  nitrate,  the  activity  coefficient  of 
the  chloride  ion  by  means  of  these  meastu-ements  was  found  to  be  only 
1%  higher  in  the  chloride  than  in  the  nitrate  solutions.  From  this  result 
we  draw  the  inference  that  the  activity  coefficients  of  anions  vary  very 
little  when  passed  from  one  solution  to  another  having  the  same  cation. 
From  these  observations  the  above  principle  may  be  derived  as  a  probable 
conclusion. 

For  fully  establishing  the  principle,  however,  the  simplest  and  the 
most  direct  way  would  be  to  utilize  solubility  data  furnished  by  slightly 
soluble  salts  in  salt  solutions  as  solvents.  It  is  the  object  of  the  following 
discussion  to  present  the  results  achievable  from  such  an  examination  and 
to  show  the  conclusions  they  are  leading  to  for  the  theory  of  solutions  in 
general. 

4.    Introduction  of  the  Theory  of  the  Complex  Nature  of  the  Activity 

Coefficients  and  of  the  Principle  of  the  Specific  Interaction  of  Ions  in 

the  Theory  of  Solubility  of  Salts  in  Hetero-ionic  Salt  Solutions 

In  no  other  field  are  the  individualities  of  salt  solutions  more  pronoimc- 
edly  exhibited  than  in  the  field  of  solubility  of  sparingly  soluble  salts  in 
solutions  of  other  salts  as  solvents.  According  to  oiu*  theory  these  indi- 
vidualities are  due  partly  to  a  peculiar  avidity  between  ions  of  opposite 
sign  represented  by  the  coefficients  of  interaction,  partly  to  a  specific 
dissolving  power  exerted  by  the  ions  of  the  solvent  and  represented  by  the 
salting-out   coefficients. 

In  order  to  avoid  too  much  abstraction  and  complicated  notations  the 
principles  stated  above  will  be  introduced  by  using,  as  far  as  possible, 
the  symbols  of  well-known  salts  to  represent  the  various  types. 
•BrOnsted,  This  Journal,  42,  781   (1920). 
•  Brdnsted,  K.  Danske  Vid.  Selsk.  Mai.-fys.  Med.,  3,  No.  9  (1920). 
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Thus,  for  instance,  by  AgCl  and  PbCli  we  shall  denote  uni-univalent 
and  unibivalent  salts  with  a  common  anion;  by  KCl  and  KNO9,  salts 
having  a  cation  in  common,  etc. 

Let  5Aga,  ^Agci  and  IlAgci  stand  for  solubility,  stoichiometric  solubility 
product  and  thermodynamic  solubility  product,  respectively,  of  AgCl; 
then  using  for  the  activity  coefficients  the  notation  suggested  in  the 
foregoing  section  we  can  write  in  the  case  of  a  potassium  nitrate  solution 
saturated  with  AgCl, 

niga  «  PAgCifAM(KSO»)  /ci(KNOt)  (4) 

or  introducing  our  principles  by  means  of 

/A«(KNOi)   =  /a«(NO,)  /(K)  /(NO,)        \  (5) 

/C1(KN0,)   "  /CI(K)  /(K)  /(NO,)  J 

the  following  equation, 

UAgCl  =  5*lgCI(KN0,)  /a«(N04)  /cI(K)  /*(K)  /"(NO,)  (6) 

In  the  case  of  an  equally  strong  sodium  nitrate  solution  as  solvent  we  ob- 
tain analogously 

IlAfCl  =  **A«CI(N»NO,)  /a«(NO,)  /ci(N»)  /*(N«)  /*(N0,)  (7) 

and  combining  (6)  and  (7) 

/CI(N»)\      /(N>)  (gj 

/ci(K)  /      /(K) 

which  by  means  of  (5)  can  be  rewritten  as  follows. 


SAgCHKSOt)     _  //ci(N«NO,)\     //(N«)\ 
*AiCI(N«NO,)         yCKKNO.)  /     \/(K)/ 


Introducing  for  the  solubility  ratio  the  s)rmbol  R  and  also  the  r  from  Sec- 
tion 2  (above),  by  means  of 

«■  i^AcCl(KNO,/N»NO«)  (10) 

Equations  8  and  9  are  transformed  into 

i^A«CI(KWO,/N«NO,)  =  r^CI(N»/K)  ''(K./K)  (11) 

i^A«a(KNO,/N»NO,)  =  r^ci(N»NO,/KNO,)  r^(N»/K)  (12) 

Since  the  coefficients  belonging  to  the  silver  and  nitrate  ions  do  not  enter 
into  these  equations  we  are  obviously  justified  in  making  the  following 
deduction,  thkt  when  using  as  solvents  equally  strong  solutions  with  an 
anion  in  common  the  solubility  ratio  shown  by  a  slightly  soluble  uni-univa- 
lent  and  hetero-ionic  salt  depends  only  on  the  anion  of  the  saturating  salt 
and  the  cations  of  the  two  solvents.  According  to  this  theory  we  shall 
therefore  find,  for  instance, 

5AgCl(KN0,)  ^AtCKKClO,)  JTIC1(KN0,) 

^AgCKNaNO,)         5Aca(NaClO0         ^Cl(NftNO,) 
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As  an  analogous  rule  it  is  evident  that  when  the  two  solvents  possess  a 
common  cation  we  can  also  write 

JA«Cl(KNO,)    ^  //a«(CIO,)\      /(CIQ,)   ^  //Ag(KCIO,)\      //(CIO«)\ 
5a«CI(KCIOi)         \/a«(NO,)/      /(NO,)  \/Ajr(KNO,)/      \/ (NO,)  / 

or 

5AfCl  (KWO|)  ^  ^AfCI  (M^NO,)  ^  JA«CI0»(KN0,) 
5AtCl(KClO|)        ^Aca(NftCIOa)         JAcaOa<KaO|) 

It  is  not  difficult  to  extend  these  results  to  cases  in  which  the  saturating 
salt  is  of  a  higher  type.  If  we  consider  luteo  cobaltic  chromate,  for 
instance,  the  S5anbol  of  which  is  Lj(Cr04)»  (L  standing  for  the  luteo  ion 
Co(NH8)6)  the  following  equations  are  obtained. 

5L,(Cr04),(KWO»)     ^  //cr04(W«)\     '/(N«) 
^L,(CrO|).(N«NO»)         \/Cf04(K)  /        /(K) 

JL,(Crt)4),(KWO|)     ^  //cr04(W»W0,)\     Vfj^^  * 
5L,«M)4)i(N»NO,)         yCr04<KN0,)  /      \/(K)  / 

JL,(Cr04)i(KN0,)    _  /  /l(C1)  \     '  /(CI) 
5L,(Cr04)i(KCI)  yL(NO,)/       /(NO,) 

JL,(Cr04),(KN0,)     ^  /  /l(KCI)  \     *//(€!)  \ 
5L,(Cr04),(KCI)  \/l(KNO,)/      \/(N0,)/ 

or 

/?L,(CrO4),(KN0,/NaNOa)  "  T /*0rO4(N»/K)   ''(N»/K) 

i?La(Cr04)s(KN0,/NftN0a)  =  ''*'^'Cr04(M»N0,/KN0,)  r'/*(N«/K) 

'^L,(0rO4),(KNO,/KCl)  **  f*''*L(CI/NO,)    ^(Cl/NO,) 

J?L,(Cr04),(KN0,/KCl)  *  r*''*L(KCI/KNO,)    r*/»(ci/NO,) 

From  the  form  of  these  equations  we  learn  that  the  above  rule  for  uni- 
univalent  saturating  salts  holds  true  also  when  saturating  salts  of  higher 
types  are  employed.  The  solubility  ratio  is  obviously  independent 
of  the  common  ion  of  the  solvents  and  also  of  the  nature  of  the  ion  of  oppo- 
site sign  in  the  saturating  salt  as  far  as  saturating  salts  of  the  same  type 
are  considered.  It  is  very  important  to  note,  however,  that  the  form  of 
the  equations  varies  with  the  type  of  the  saturating  salt,  as  this  fact  enables 
us  to  compute  the  values  of  r,-  and  r^  separately. 

We  carry  out  this  calculation  preferably  by  means  of  a  special  example, 
applying  for  instance  Equation  16  to  the  three  salts  (1)  oxalo-tetrammine 
cobaltic  tetranitro-diammine  cobaltiate  (symbol  OxN),  [Co(NH3)4C«04] 
[Co(NHs)2(N02)4l,  (2)  xantho  cobaltic  tetranitro-diammine  cobaltiate 
(symbol  XNi),  [Co(NH,)6N02]  [Co(NH3)2(N02)4k.  and  (3)  luteo  cobal- 
tic tetranitro-diammine  cobaltiate  (LN0,[Co(NH3)«]  [Co(NH3)2(NOj)4]j, 
each  containing  the  same  univalent  anion  and  a  uni-,  bi-  and'trivalent 
cation,  respectively.     Application  of  Equation  16  gives  in  the  three  cases 


(14) 
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for  the  solubility  ratio  R,  using  potassium  and  sodium  nitrates  as  solvents, 
Ri  -•  RoxupatOt/u»»Ot)  "  f''*!f(if«/K)  ''(»•/«)  (16) 

Rll  ■■  i^t(KHO|/K»llQ|)  -  r*^*1t{Vm/K)   ''(Na/K)  (16) 

l^in  ■  i^LH«(KRO|/KftRO«)    ■"  r*^*lX{JR%/K)   ''(K»/K)  (17) 

From  two  of  these  equations  the  ratio  of  interaction  fNCNa/K)  and  the 
salting-out  ratio  r(Na/K)  caii  obviously  be  determined  by  means  of  the 
experimentally  found  solubility  ratios  i?i,  Rn  and  Rm,  For  the  ratio 
of  interaction  we  obtain  • 

n-rK(H./K,=(fi-')»(^')-(|il-'):  (18) 

and  for  the  salting-out  ratio, 

Ri>        Rx*       Rn> 

r.  =  r(„./K)  =  ^.  =  —  =  —  (.9) 

showing  the  ratios  Ri,  Ru  and  i?ni  to  be  correlated  also. 

According  to  Equation  3  the  ratio  of  the  two  activity  coeflScients  r/ 
^/NCNaNO,)  is  given  by 

/n(KNOi) 

r/  =  n  fu  (19a) 

and  is  thus  determinable  from  the  same  solubihty  ratios. 

Corresponding  results  are  easily  obtained  when  other  types  of  sattu'ating 
salts  are  considered.  • 

In  these  equations  oiu*  principles  have  been  given  such  a  form  that  they 
can  be  subjected  to  a  direct  experimental  test. 

It  may  be  expected,  perhaps,  that  the  f„  value  derivable  by  means  of 
Equation  24  or  analogous  equations  would  otftain  also  in  the  case  of 
non-electrolytes,  a  saturating  substance  here  representing  directly  the 
solubility  ratio.  This  would  indeed  be  the  case  if  no  interaction  between 
ions  and  neutral  molecules  occurred.  According  to  H.  v.  Euler*®  neutral 
substances  in  many  cases  exhibit  the  same  solubility  ratio  in  two  solvents, 
a  fact  which  is  found  consistent  with  the  above  asstunption.  Fiurther 
inquiry  in  this  field,  however,  shows  deviations  to  exist,  which  in  certain 
cases  are  very  considerable,  and  it  is  therefore  necessary  to  assume  a  kind 
of  interaction  between  ions  and  neutral  molecules.  This,  however,  is  gener- 
ally slight,  compared  with  the  action  between  ions  of  opposite  sign. 

When  utilizing  argon  or  another  inert  gas  as  sattu'ating  substance 
any  pecuUar  interaction  would  probably  be  precluded,  and  we  should 
therefore  expect  the  ratio  of  solubiUty  of  such  a  substance  in  two  salt 
solutions  to  be  identical  with  the  r„  for  these  solvents  found  in  the  way 
described. 

>•  Euler,  Z.  physik.  Chtm.,  31,  360  (1899);  Z.  EUkirochem.,  23,  192  (1917). 
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S.    Experiments  Covering  Solubilities  in  Hetero-ionic  Solvents 
Experiment  of  Minor  Accuracy. — Most  of  the  experimental  material 
referred  to  in  this  section  was  produced  for  other  purposes  than  that  of 
verif)ang  the  above  principles,  and  it  is  but  moderately  accurate. 

In  the  first  place,  experiments  were  available  utilizing  certain  xantho 
cobaltic  and  chloro-pentammine  cobaltic  salts,  namely: 

Xantho  cobaltic  tetrathiocyanato-diammine  chromiate (XRi) 

Xantho  cobaltic  tetranitro-diammine  cobaltiate (XNj) 

CAloro-pentammine  cobaltic  tetrathiocyanato-diammine  chromiate (PRs) 

Chloro-pentammine  cobaltic  tetranitro-diammine  cobaltiate (PNj) 

using  uni-univalent  salt  solutions  as  solvents.  The  results  are  given  in 
Tables  I  and  II.  The  figures  here  and  in  the  following  tables  represent 
mols.  per  liter  of  the  solution. 

Tabids  I 
SoLUBn^rTY  OF  XRt  and  XNi  in  0 . 2  Af  Salt  Solutions  at  0"  and  20 ** 

Solvent  XRj.  <-0«*         XR-.  1-20"        XN».  <-0"       XN».  <-20" 

X  10*  X  10*  X  10«  X  10« 

HiO  392  1284  311  992 

NaCHOj  629  1950  570  1692 

KCHOj  667  2040  629  1824 

NaCl  680  2097  621  1823 

KCl  723  2193  682  1952 

NaNO,  746  2228 

KNO,  790  2325 

TablS  II 
Solubility  op  PRi  and  Pl^j  in  0 .2  3f  Salt  Solutions  at  0*  and  20** 

Solvent  PR*.  I-O"  PRs.  20«*  PNt.  f-0'*       PN*.  l-20» 

X  10«  X  10«  X  10«  X  10« 

H,0  ...  ....  173  637 

NaCHO,  477  1516  325  1100 

KCHO,  SlO  1592  363  1207 

NaCl  624  1627  353  1187 

KCl  548  1702  393  1291 

By  means  of  these  figures  the  solubility  ratios  have  been  calculated  and  are  collected 

in  Table  III. 

Tablb  III 
Ratios  of  Solubility  op  XRt,  XNt,  PRa  and  PNt  in  Various  0 .2  Af  Solvbnts 

Solvent  <-0*  <-20" 

XRfl  PRi  XRt  PRt 

KCHOi/NaCHOi      1.060  1.069  1.046  1.050 

KCl/NaCl  1.063  1.046  1.046  1.046 

KNO,/NaNO,  1.059  1.046  1.044  1.046 

K-»'/Na+  mean  1 .059  1 .046 

XNt  PNt  XNt  PNt 

KCHOi/NaCHO,      1.103  1.119  1.078  1.097 

KCl/NaCl  1.098  1.115  1.071  1.088 

KVNa+,mean  1.109  1.084 
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NaCl/NaCHO, 
KCl/KCHO, 

XRt 

1.081 
1.083 

XNt 

1.090 
1.087 

XRt 

1.076 
1.075 

XNf 

1.077 
1.070 

Cl-/CHO,-.mean 

NaNC/NaCHO, 
KNO,/KCHO, 

I 

PRt 

1.098 
1.074 

1.085 
XRs 
1.186 
1.183 

PN, 

1.086 
1.084 

PRi 
1.073 
1.071 

1.076 
XRt 

1.143 
1.140 

NOr/CHO,-.  mear 

NaCl/NaCHO, 
KCl/KCHO, 

1.184 

1.142 

PN, 

1.079 
1.070 

Cr/CHOj-,  mean  1 .086  1 .073 

The  figures  in  this  table  furnish  a  good  verification  of  the  principle 
of  the  specific  interaction  of  the  ions.  The  agreement  of  the  figures 
within  each  group  in  the  tables  shows  that  the  action  between  ions  of  the 
same  sign  hardly  surmounts  the  possible  experimental  error.  The  results 
may  be  stated  in  the  following  way  by  means  of  Equation  14. 

Tablb  IV 

/-0«  «-20" 

r'/»B(N./K)  r(M./K)  1 .059  1 .046 

r*/»N(N«/K)  r(K./K)  1 .  109  1 .084 

r*^*x(HCOO/ci)  »'(HCOo/ci)  1.085  1.075 

r*''*x(HCOo/NO,)  r(HCOO/NO,)  1.184  1.142 

r*'^*p(Hcooyci)  f(HCoo/ci)  1 .086  1 .073 

These  figures  show  that  the  coefficients  of  interaction  may  differ  very 
markedly  from  one  another.  The  relative  action  of  Na"*"  and  K+  is  thus 
seen  to  be  about  7%  higher  for  the  N"  than  for  the  R"~  ion.  The 
r-coefficients  themselves  cannot  be  calculated  from  these  figures  since  salts 
of  only  a  single  t3rpe  are  employed  as  saturating  salts.  With  the  rise  of 
temperatiu-e  the  peculiarity  diminishes  and  the  ratios  approach  unity. 

In  the  following  tables  are  the  results  of  some  further  experiments  cover- 
ing cesium  tetrathiocyanato-diammine  chromiate  and  cesium  tetranitro- 
diammine  cobaltiate  in  various  solvents. 

Tabl«V 
Soi,UBii.rrY  OP  CsR  and  CsN  in  Various  Solvents  at  0® 

CsN 

X  io« 

532 

785 

1268 

1113 

815 


Solvent 

CsR 

A/ 

X  10« 

H,0 

789 

1.0   NaCHO, 

831 

1.0   NaNO, 

1365 

0.5   Mg(NO,), 

1356 

0.6   MgS04 

973 
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Tablb  VI 
Ratios  op  SoLUBiLmr  op  CsR  and  CsN  in  Solvsnts  at  0* 

Solvcot  CsR  GiN  Mctta 

NaNOi/NaCHOi  1.64  1.62  1.63 

Mg(N0,),/MgS04  1.39  1.37  1.38 

NaNOi/Mg{NOi),  1.01  1.14 

The  agreement  found  here  between  the  ratios  m  solvents  with  a  common 
cation  and  the  disagreement  between  the  ratios  in  solvents  with  a  common 
anion  verify  closely  the  rule  of  the  specific  action  of  the  ions  and  the  ab- 
sence of  any  action  between  ions  of  the  same  sign.  This  is  the  more 
remarkable  as  in  this  case  the  increase  in  solubility  is  very  high  on  account 
of  the  high  concentration  of  the  solvents  employed. 

The  results  of  a  series  of  measurements  covering  the  four  salts  cesium 
tetrathiocyanato  chromiate  (CsR),  cesitun  tetranitro  cobaltiate  (CsN) 
and  the  corresponding  oxalo-tetrammine  cobaltic  salts  (OxR  and  OxN) 
in  which  nitrates  and  chlorides  of  potassium  and  sodium  were  emf^oyed 
as  solvents,  are  tabulated  below. 

Tabi^  VII 
Solubility  op  CsN,  OxN.  CsR  and  OxR  luO.lM  Salt  Solutions  at  20 * 


Solveot 

C»N 

OxN 

CsR 

OxR 

XICH 

X  10« 

X  10« 

XKH 

H,0 

17130 

2659 

2629 

1366 

KNO, 

20020 

3723 

3233 

1813 

NaNO, 

20550 

3615 

3182 

1786 

KCI 

20210 

3647 

3110 

1771 

NaCI 

19870 

3531 

3072 

1737 

OzR 

1.327 
1.307 
1.296 
1.271 


Table  VIII 
Solubility  Ratios  op  CsN,  CsR,  OxN  and  OxR  in  0.1  A/Solutions  op  Alkali 

NlTRATRS  AND  ChLORIDBS,  AND  WaTBR  AT  20** 
Solvent  CsK  OxN  CsR 

KNO,  1.222  1.400  1.230 

NaNO,  1.200  1.360  1.210 

KCl.  1.180  1.372  1.183 

NaCl  1.162  1.328  1.168 

Tablb  IX 
Solubility  Ratios  op  CsN,  OxN,  CsR  and  OxR  in  Alkali  Nitrates  and  Cm/>Rn>ss 

AT   20* 

CsR 

1.040  1 

1.036  J 

OxR 

1.024  1 

1.028/ 

OzN 

1.030  1 
1.030  J 

OzR 
1 .015  1 
1 .019  J 


Solvents 

CsN 

KNO,/KCL 

1.036 

NaNO,/NaCl 

1.033 

OxN 

KNO,/KCI 

1.021 

NaNOi/NaCl 

1.024 

CsN 

KNO,/NaNO, 

(1 .018) 

KCl/NaCl 

(1.016) 

CsR 

KNOi/NaNO, 

1.017 

KCl/NaCl 

1.013 

r  '^V.(ri/No,)    r(ci/NO,)  =»  1  036 


r  ^*o,(ri/NO,)    r(ri/No,) «  1 .024 


r^^s{Sm/K)  r(s%/K)       —1.030 


r  ^*R(N./K)    ''(M./K) 


•1.016 


Digitized  by  LjOOQ IC 


PRINCIPLE  OP  THE  SPBCIPIC  INtERACTION  OF  IONS  889 

The  two  numbers  in  parentheses  are  evidently  too  low,  perhaps  due  to 
the  fact  that  the  solid  cesium  tetranitro  cobaltiate  takes  up  some  potas- 
sium salt,  from  the  solution  to  form  a  soUd  mixture.  Such  a  behavior  may- 
be expected  because  the  crystals  are  very  similar,  certainly  isomorphic, 
and  the  solubility  is  of  the  same  order  of  magnitude.  This,  however,  will 
not  interfere  with  the  other  values  if,  as  we  must  assume,  potassium 
nitrate  and  potassitun  chloride  behave  uniformly.  In  the  case  of  the 
corresponding  tetrathiocyanato  chromiates  an  analogous  phenomenon  is 
precluded  by  the  widely  differing  solubilities  of  the  potassium  and  cesium 
salts  of  this  anion.^^ 

Otherwise,  as  shown  by  Table  X,  the  agreement  between  the  figtues 
in  each  group  justifies  the  conclusion  that  in  this  case  also  we  have  a  good 
verification  of  the  principles  to  be  tested. 

Finally,  we  may  add  the  results  of  some  measurements  with  praseo 
salts. 

As  the  ptuity  of  these  salts  could  not  be  tested  in  the  usual  way  on  ac- 
cotmt  of  their  instabiUty  the  data  in  question  are  of  minor  value.  Still, 
a  conclusion  confirming  our  principle  may  be  drawn  from  them.  Pi" 
indicates  the  picrate  ion  and  Rh"  the  thiocyanate  ion. 

Tabls  X 
SoLUBO^iTY  OP  Prasso  Sai^ts  in  Various  Solvents  at  0* 


Solvent 

PrRh 

PrNOt 

PrIOt 

PrPi 

M 

X  10« 

X  10« 

X  io« 

X  10« 

0.1  KCl 

3680 

6000 

6710 

295 

O.lNaCl 

3630 

4836 

6680 

285.5 

O.IKCIO, 

3646 

.... 

5790 

O.lNaClO, 

3606 

.... 

5760 

.... 

0.06  KCl 

3366 

6480 

6260 

274 

0.05  NaCl 

3320 

4610 

6240 

266 

0.06  KCIO, 

3300 

6310 

0.06NaCIO, 

3370 

5280 

H,0 

2820 

3860 

4410 

212 

TablsXI 
Ratios  op  Solubility  op  Prasbo  Salts  in  0 .  lif  Alkali  Chloridbs  and  Chloratbs 

AT  0* 
PrlOi 

1 .018 


SotventB 

PrRh 

KC10,/KC1 

1.017 

NaaOi/NaCl 

1.021 

KCl/NaCl 
KClC/NaClO. 

PrRh 
1.014 
1.008 

KQ/NaCl 
KOOi/NaaO, 

PrlOi 

1.005 

1.005 

:} 


*'^'pr(ci/cio,)  r (CI/CIO.)      =1.016 


1  013  ]  ''    P'(c»/cio,)  r(ci/cio,) 


f'/'Rh(N»/K)    r(N./K)  -l.Oll 


r*/'io,(N*/K)  r(jnm/K)         =1.006 


^^  later  experiments  have  shown  that  a  similar  effect  is  still  perceptible  in  this 
system.  The  ratios  1 .017  and  1 .013  in  Table  IX  are  therefore  certainly  somewhat  too 
low. 
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The  very  slight  diflference  found  between  the  solubility  of  PrlOa  in  K"*" 
and  Na+  solvents  agrees  with  the  fact  that  solutions  of  potassium  and  so- 
dium iodates  are  materially  alike  in  respect  to  their  osmotic  properties 
as  shown  by  Jahn"  and  Hall  and  Harkins."  The  relation  here  referred 
to  between  osmotic  coefficients  and  activity  is  derived  on  the  basis  of  our 
principle  in  Section  8. 

Experiments  of  Higher  Accuracy. — ^A  series  of  experiments  has  been 
begun  in  this  laboratory  for  the  purpose  of  securing  very  accurate  data 
for  verifying  our  principles.  All  these  data  will  be  reserved  for  a  special 
article.  Only  a  few  results  may  be  stated  here  in  order  to  show  the  accu- 
racy obtainable  and  the  exactness  With  which  otu-  principles  hold. 

Tenth  normal  solutions  of  potassium  and  sodium  nitrate  served  as  sol- 
vents. The  saturating  salts  contained  the  univalent  tetranitro  cobal- 
tiate  anion  Co(NH8)2(NQ2)4~.  The  cations  and  the  corresponding  solu- 
bility ratio  are  given  in  the  following  table. 

Tabl«  XII 
SoLUBH^iTY   Ratios   SKvot/svmvot   ov   Various   Tqtranitro-diamminb   Cobalti- 

ATBSAT  20  ^ 
Cation  'KNOa/'N»NOt 

Oxalo-tetrammine  cobaltic 1 .0339 

Silver 1 .0343 

Tetramethyl-ammonium 1 .0340 

Carbonato-tetrammine  cobaltic 1 .0324 

R      -     1 .0339 

Chloro-pentammine  cobaltic 1 .0411 

Xantho  cobaltic 1 .0414 

R      -  1.0413 

Triethylene-diammine  cobaltic 1 .0450 

Aquo-pentammine  cobaltic 1.0465 

R      -  1 .0458 

By  means  of  Equations  15-17  we  can  compute  the  R  when  introducing 
r,-  =  1.0476  and  r„  =  1.0101.  The  R  values  thus  calculated  are  given 
in  Table  XIII  together  with  those  found. 


TablB  XIII 

. 

R, 

'^  found 
1.0339 

^  calculate5l 
1.0339 

Rn 

1.0413 

1.0419 

/CfXT 

1.0458 

1.0460 

The  agreement  leaves  nothing  to  be  desired. 

»  Jahn,  Z.  physik.  Chem.,  59,  37  (1907). 

"HaU  and  Harkins,  This  Journai,,  38,  2669  (1916). 
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6.  Application  of  the   Theory  to  Solutions  in  Homo-ionic  Solvents 
The  solubility  of  a  uni-univalent  salt  in  a  homo-ionic  salt  solution  is 
determined  by 

nxgCI  -  Pa«C1(KCI)  /a«(K)  /a«(CI)  /ci(K)  /CI(CI)  /"(k)  /"(CI)  (20) 

where  the  same  notation  is  used  as  in  Section  3.    Introducing  the  prin- 
ciples of  the  specific  interaction  we  can  write 


and  therefore 


Putting 


nxgCl  =  PaiCI(KCI)  /a«(ci)  /ci(k)  P(k)  ;*(ci)      I  ,     . 

IIacCI  *  PAKC\{smC\)  /ab(ci)  /ci(n«)  f*Ofm)  /"(CI)  ) 

(PaiCKkcq  \  ^  //ci(Na)\  /(NO  ^22) 

PaiC1(N«C1)/         ycl(K)//(K) 

('5^2^^^^V^-«<^KKCi/..ci)  (23) 

\/^A«CI(K»Cl)/ 


and  introducing  the  same  r-coe£Gicients  as  in  the  foregoing  section  we  ob- 
tain, 

i^AfaCKCl/NaCl)  "  r'/»CI(N»/K)  r(H»/K)  =  f ''^"ci  (l^Ol/KCI)  f'^*(N»/K)  (24) 

m  full  analogy  to  the  corresponding  Equation  12  in  the  case  of  hetero- 
ionic  solvents. 

If  the  saturating  salt  has  the  composition  LsCCrOOt  and  is  dissolved 
in  the  two  solvents  EsCrOi  and  Na^CrOi  the  following  equation  is  obtained 

v»  •/• 

/Pl,(CK>4)«(K,Cf04)  \  ^  //CK)4(W»)\  /(K»)  ^25) 

\Pl,(Cf04),(NHCf04)/         \/cr04(K)  /  /(K) 

or 

i?Ls(Cr04)s(KtCi04/ffatCi04)  ■■  r^'CtOtOXm/K)  r(N»/K)  =  r'^*Ci04(NHCf04/KiCK>4)  r*^\Vm/K)  (26) 

also  fully  analogous  to  the  corresponding  Equation  14. 

The  ratios  of  interaction  and  the  salting-out  ratios  are  of  course  de- 
terminable from  Equations  25  and  26  in  just  the  same  way  as  from 
Equations  13  and  14  in  the  case  of  hetero-ionic  solvents.  Equations  15-19 
are  therefore  also  yalid  for  homo-ionic  solvents,  the  only  diflFerence  being 
that  when  hetero-ionic  solvents  are  used  R  represents  directly  the  sol- 
ubility ratio,  (p.  892)  while  in  the  case  of  homo-ionic  solvents  as  stated 
above  it  means  the  nth  root  of  the  ratio  of  solubility  products,  n  be- 
ing the  total  number  of  ions  contained  in  one  molecule  of  the  saturating 
salt.  As  in  Equations  22-26  all  coefficients  belong  to  the  ions  of  the  sol- 
vent itself;  dissolution  of  homo-ionic  solutes  leads  directly  to  a  determina- 
tion of  the  interaction  of  ions  in  the  salt  solutions  employed  as  solvents. 

7.    Experiments   Covering   Solubilities  in   Homo-ionic   Solvents 
In  order  to  examine  the  theoretical  results  reached  in  the  foregoing 
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section  a  series  of  measurements  was  carried  out  with  cobalt  ammonia 
salts  dissolved  in  homo-ionic  solvents.  The  saturating  salts  employed 
contained  the  following  complex  ions:  oxalo-tetrammine  cobaltic,  (sym- 
bol, Ox),  [Co(NH8)4C204];  chloro-pentammine  cobaltic  (symbol,  [CI]), 
[Co(NH3)6Cl];bromo-pentamminecobaltic,  (symbol,  [Br]),  [Co(NH8)5Br] ; 
luteo  cobaltic,  (symbol,  L),  [Co(NH3)«];  oxalo-dinitro-diammine  co- 
baltiate  ion,  (symbol,  On),  [Co(NHs)2(N02)fC»04];  and  the  solvents 
were  0.1  Af  solutions  of  potassium  nitrate,  sodium  nitrate,  potassium 
chloride  and  soditun  chloride.  The  temperattu^  of  the  experiment  was 
0^  and  the  same  method  was  used  as  stated  in  an  earlier  communication.' 
The  results  of  the  measurements  are  given  in  the  following  tables. 

Tabi^  XIV 
Solubility  op  Nitratbs  in  Potassium  Nitrats  and  Sodium  Nitrats  Solutions  at  0* 


Saturating  Salt 

0.1  JkfKNOi 

X  io« 

0.1  JkfNaNOt 
X  10« 

''KNOi/^NaNC 

H             « 

OxNO, 

816 

777 

1.061 

1.026 

[C1](N0,), 

3070 

3670 

1.002 

1.030 

L(NO,), 

4930 

4500 

1.131 

1.031 

Table  XV 

Solubility  op  Chlorides 

in  Potassium  Chloridb  . 

AT  0° 

Saturating  Salt 

0.1  J/KCl 
X  10* 

0.1  if  NaCl 
X  10* 

^KO/^Naa 

R 

OxCl 

5810 

5700 

1.020 

1.010 

ICllCl, 

610 

593 

1.029 

1.010 

[BrJCl, 

220 

213 

1.033 

1.006 

Tabl«  XVI 

SOLUBILtTY  OF  KOn  IN  POTASSIUM  NiTRATB  AND  POTASSIUM  ChLORXDH  SOLUTIONS  AT  0* 
O.llfKNOt        0.1  if  KCl         ^KNOi/^KCl  * 

X  10«  X  10« 

KOn  3800  3510  1.086  1.042 

Tabl«  XVII 
SoLiTBiLrrY  OP  NaOn  in  Sodium  Nitrate  and  Sodium  Chloride  Solutions  at  0* 

0 . 1  Jf  NaNOs       0 . 1  Jf  NaCl         ^NaNO«/^NaCl  * 

X10«  X10« 

NaOn  9720  9280  1.051  1.025 

R  denotes,  as  explained  the  nth  root  of  the  ratio  of  solubility  prod- 
ucts, n  being  the  number  of  ions  of  each  salt.  In  order  to  calculate 
the  ratios  of  interaction  and  the  salting-out  ratios  from  these  data  we 
use  Equations  18  and  19  shown  to  be  valid  in  the  case  of  homo-ionic  sol- 
vents also,  Rj,  Rji  and  Rm  corresponding  to  di-ionic,  tri-ionic  and  tetra- 
ionic  solutes,  respectively. 

A.  Calculation  of  the  Ratio  of  Interaction  and  the  Salting-out  Ratio 
for  0.1  M  Potassium  and  Sodium  Nitrate  Solutions. — We  have  found 
(Table  XIV)  that  Ri  »  1.025,  Rn  «  1.030,  and  Rm  -  1.031. 
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liitroducmg  these  values  into  Equations  18  and  19,  r,-  =■  fNOiCNa/K)  = 
I  — ^  )   ~  V  ~^  /    ^      ^*  ~  ^(Su/K)  =*  — ^  =  — ^  we  obtain  as  the  most 

fitting  values  r,-  =  1.028  and  r^  =  1.011. 

Again  inserting  these  values  into  Equations  20,  21  and  22  we  calculate 
the  R  values  tabulated  below  together  with  the  experimental  values  of  /?. 

Table  XVIII 
Comparison  op  R  Valubs  for  Potassium  Nitratb  and  Sodium  Nitrate  Solutions 

Calc.    .  1.025  1.030  1  032 

Found  1.025  1.030  1.031 

showing  that  the  adopted  values  of  r,  and  r„  agree  excellently  with  the  ex- 
periment. 

B.  Calculation  of  the  Ratio  of  Interaction  and  the  Salting-out  Ratio 
for  0.1  Af  Solutions  of  Potassium  and  Sodium  Chlorides. — The  calcu- 
lation is  carried  out  quite  similarly.  Introducing  the  most  fitting  values: 
ri  =  ''cuNa/K)  =  1.000;  r«  =  r(Na/K)  =  1.010;  we  obtain  the  figures  in 
Table  XIX. 

Tablb  XIX 
Comparison  op  /?  Valubs  por  Potassium  and  Sodium  Chloridb  Solutions 

Pound  Calc. 

Ri  1.010  1.010 

Rn  1.009  1.010 

The  value  for  Rfi,  1 .009,  is  taken  as  the  mean  of  the  values  1 .010  and 
1.008  for  [CIJCU  and  [BrJCU,  respectively.  On  account  of  the  higher 
solubility  of  [ClJCla,  the  corresponding  Rn  value  is  certainly  more  accurate 
in  these  cases  and  using  this  value  the  agreement  between  R  values  found 
and  calculated*  becomes  complete. 

C.  Significance  of  the  Above  Agreement. — The  above  calculations 
led  to  two  independent  determinations  of  fu  =  r^^^/ji^  at  0®  namely: 
''(Na/K)  -  1.011,  and  r(Na/K)  =  1.010,  using  nitrates  and  chlorides  re- 
specCvely  as  solvents.  In  the  previous  section  the  same  value  1.010 
was  found  at  20**  by  means  of  tetranitro-diammine  cobaltiate  dissolved 
in  alkali  nitrate  solutions.  We  find  thus  through  these  measurements 
that  the  sodium  ion  has  a  salting-out  effect  about  1 .0%  larger  than  the 
potassium  ion  in  0.1  AT  solution.  It  is  very  desirable  to  test  the  scope 
of  the  present  theory  by  further  examinations  in  the  same  direction  using 
as  solvents  various  salt  solutions  with  a  common  ion  and  salts  of  various 
types  as  solutes.  It  is  interesting  to  note  that  the  salting-out  effects 
of  0.1  iV  solutions  of  potassium  and  sodium  ions  towards  non-electro- 
lytes differ  in  several  cases  by  about  the  same  amount.     However,  a3 
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explained  above,  by  using  non-electrolytes  as  saturating  substances  we  can- 
not assume  the  r(Na/K)  to  be  precisely  determined. 

For  the  ratio,  of  interaction  we  foimd  rNOi(Na/K)  =  1.028,  and 
^a(Na/K)  =  1.000.  While  the  chlorine  ion  is  acted  upon  equally  by 
potassium  and  sodium  ions  we  see  that  the  nitrate  ion  has  an  almost  3% 
higher  avidity  for  the  potassitun  ion  than  for  the  sodium  ion. 

The  ratio  of  activity  coefficients  'can  now  be  calculated  by  means  of 
Equation  19a 

r/  =  r»  fu 
yielding  for  the  activity  ratio  of  the  nitrate  ion 

rNO,(N.NO,/KNo,)  =  1.028  X  1.011  =  1.039 
while  for  the  chlorine  ion  correspondingly: 

f«(N«ci/KCi)  -  1.000  X  1.011  =»  1.011. 

The  activity  coefficient  of  the  nitrate  ion  is  thus  about  4%  higher  in 
a  0.1  AT  solution  of  sodium  nitrate  than  in  a  potassium  nitrate  solution 
of  the  same  concentration,  while  in  the  case  of  the  chlorides  the  corre- 
sponding value  for  the  chlorine  ion  is  about  1%.  ' 

8.    Interrelation  between  Activity  and  Osmotic  Coefficients  and  the 
Solubility  and  Freezing  Point 

Already  in  the  first  paper  an  interrelation  between  solubiUty  and  freez- 
ing point  was  suspected,  because  a  solvent  having  a  small  freezing-point 
lowering  generally  proved  of  high  dissolving  power  towards  a  slightly 
soluble  salt  and  vice  versa.  A  simple  relation,  however,  could  not  be  found, 
because  the  ratio  of  dissolving  power  of  two  solvents  varies  with  the  nature 
of  the  saturating  salt.  This  problem  is  readily  solved  by  introducing  the 
principle  of  the  specific  interaction  of  ions  in  connection  with  a  general 
thermod3aiamic  treatment  of  the  relation  between  activity  and  osmotic 
coefficients  in  a  mixed  solution  of  constant  total  concentration. 

The  general   relation^* 

Zci  d  /«  ^1  =  diy  (27) 

where  Ci  and  {i  stand  for  the  concentration  and  the  activity  of  the  first 
ion,  t;  for  the  osmotic  concentration  and  ^Ci  —  c\s  the  total  ion  concen- 
tration, forms  a  basis  for  such  treatment. 

Introducing  in  this  equation  fi  =  C\f\  and  ti  ^  op  and  assuming  c 
to  be  constant  we  obtain 

Zci  d  /n  ci  -f  Sci  d  /«  /i  =  c  d^  (28) 

or 

2ci  dlnfi^cdip  (29) 


"  Ref.  8,  p.  761. 


Digitized  by  LjOOQ IC 


PRINCIPLE  OI^  THB  SPBCIMC  INTBRACTION  OP  IONS 

If  we  now  consider  a  mixed  solution  of  potassitun  and  sodium  chlorides 
in  which  -^^  = we  can  write 

and  thus 

«  d  /»  /n.  +  (1  -x)d  /n/K  4-  d  In  /ci  =  2d^  (30) 

by  which  the  activity  coefficients  of  the  ions  in  the  mixed  solution  ar^  ther- 
modynamically  correlated  to  the  osmotic  coefficients. 

We  shall  now  introduce  the  principle  of  the  specific  interaction  of  ions. 
Since,  according  to  this,  the  coefficients  of  interaction  of  the  cations  are 
imcfaanged  when  the  solution  gradually  changes  from  a  potassium  to  a 
sodium  chloride  solution  because  the  only  interacting  ion,  CI",  is  present 
in  constant  concentration,  the  change  in/K  and/^a  is  due  to  the  changing 
salting-out  effect  alone.    We,  therefore,  can  put 

d  /n/K  =  d  /n/N*  =  d  /n/«  (31) 

and 

d/n/«  4-d/n/ci  =  2d^;  (32) 

or   in   integrated   form 


^N.ci— ^Kci  =  i  m r-  i  *»  ; .  (33) 

/(K)  /CI(KCI) 


or  by  means  of  (5) 

^Naci-V'Kci  =  i  m h  In C34) 

/C1(K)  ^(K) 

These  equations  can  also  be  written 

^NaCl  — <PKCI    =   /n[f*/'ci(N«/K)r(hVK)l    "=    W»   [''CUN.Cl/KCl)   tne/k]  (35) 

In  the  more  general  case  of  the  two  salts  aluminum  sulfate  and  ferric 
sulfate  we  obtain  by  quite  similar  calculations, 

2d/n^ +  3d/«/804  =  5d^  ^     (36) 

or 

V'Ai,(804),-^F.,(804),  =  i  In  ^iln  - —  (37) 

/B04(Fa,(B04),)  /(F.) 

and 

V'Al,(S04),-V'Fe,(804),  =  f  /»   . H  /«  ; —  (38) 

/804(F«)  /(Fe) 

yielding,  for  instance,  for  magnesium  and  calcium  chlorides 

,„/ci(M«Cl,)    ,     ,    .     /(M«)  _    ,  ,     /C1(M«)     ,     ,     /(ll«)        ,       . 

V>MiCi,-^caci,  -  i  /»; htm  ; —  =  i  /n  ; h  In  - —      (39) 

fcKcci,)  /(c.)  /ci(ca)  /(c.) 
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and  for  potassium  and  sodium  sulfates 

^Nm,804  — ^K,80«  =  1  /»  ; T  t  *«  7 »  J  /i» h  /if  ; 140} 

/804(K^04)  /(K)  /80«(K)  /(K) 

A  relation  between  solubility  and  osmotic  coefficients  of  the  solvents 
is  now  easily  arrived  at  by  writing  Equation  22  as  follows. 

J  ^^PajCUkco   .  j  ^^  Mnj)  ^  ,„  fm  (41) 

"a«ci(n»ci)  /ci(K)  /(K) 

which  by  comparison  with  (34)  gives 

^H.Cl-^KCl  =  ifa_^'^'^^^^^  (42) 

-r'A«CI(N»CI) 

The  corresponding  relations  for  the  more  general  case  of  L2(S04)j  dis- 
solved in  aluminum  sulfate  and  ferric  sulfate  solutions  give 

^AI,(804),-^F.,(804),   ^   i/»^ (43> 

The  difference  in  osmotic  coefficients,  and  therefore  in  freezing  points, 
of  two  solutions  with  a  common  ion,  may  thus  be  computed  from  the  solu- 
bility ratio  of  a  sparingly  soluble  salt  possessing  also  the  common  ion  of  the 
solvents;  and  vice  versa,  solubility  ratios  can  be  calculated  from  freez- 
ing-point measurements. 

In  a  quite  similar  way  solubility  measurements  in  hetero-ionic  solvents 
may  be  utilized  for  the  same  purpose.    According  to  Equations  8  and  14 


and 


and  thus 


and 


In  |*«HOiN?i>   „  J  iJf<^  +  to  /illi)  (44) 

OAbCI(N«NO,)      •  ^Cl(K)  /(K) 


5L,(Cr04),(AJ,(804),)  /cr04(F«)  /(F.) 


*«7 =^  ^H«a-^Kci  (46) 

OAgCI(N»NOa) 


,     'SL,(Cr04),(F«,(B04),)  ^  ^  /47> 

/»- =    ^AI,(Cr04),-^F«,(Cr04),  (47) 

OL,(Cr04),(AI,(804),) 


Equation  42  can  be  tested  by  means  of  the  solubility  data  from  Tables 
XIV  to  XVII  and  available  data  of  the  freezing-point  lowerings  of  alkali 
nitrates  arid  chlorides  taken  from  the  critical  study  of  Noyes  and  Falk. 
The  figures  are  collected  in  Table  XX. 

Tabls  XX 
Comparison  op  Frbszing-point  and  SoLUBi^mr  Data 


Sfdti        Salts 

Ai-A« 

iw-^ 

Pt/Pi 

»/t/»(Pi/Pi) 

NaNO,  KNOt 

0.090 

0.024 

1.051 

0.025 

NaCl      KCl 

0.027 

0.008 

1.020 

0.010 

KCl       KNO, 

0.148 

0.039 

1.086 

0.041 

NaCl     NaNO, 

0.085 

0.023 

1.061 

0.025 
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According  to  Equation  42  we  have   ^i  — ^  ==  V«  ^»*  {Pt/Pi)* 

The  figures  in  the, second  and  fourth  columns  show  this  relation  to  be  ful- 
filled very  exactly  and  thus  lend  strong  support  to  the  theory  on  which 
these   calculations   are  based. 

9.    Determination  of  the  Liquid-junction  Potential  on  the  Basis  of  our 

Principles 

The  .principles  established  in  the  preceding  sections  can  clearly  be  util- 
ized for  estimating  the  liquid  junction  potential  in  a  galvanic  cell. 

If  we  wish  to  determine  the  potential  ri  at  the  liquid  junction,  0. 1  M 
KNO3  1 1).  1  Af  NaNOj,  we  add  a  little  silver  nitrate  and  meastn-e  the  cell 


(I) 


jKNOiO.lJW     iNaNO,  0.1  if     I 
^lAgNOiO-OOliflAgNO,  0.001  J/ 1    *^ 

the  electromotive  force  of  which  is  given  by  the  equation 

,,^RTlnf^i^i^+,i  (48) 

/a«(kno,) 

or  according  to  oiu*  principles 

n  »  RTlnr  (mi^/k)  +  irrf  (49) 

Since  r^Na/K)*  as  shown,  may  be  determined  from  solubility  measurements 
we  are  in  a  position  to  calculate  t^  from  the  electromotive  force  of  the  cell 
found. 

Adding  a  little  chloride  to  the  two  nitrate  solutions  we  can  build  the 
following  cell 

^j    KNO,  0AM   iNaNO,  O.lAf 

yielding  the  electromotive  force 


KCl  O.OOlAf  I  KCl  O.OOlAf  ^  ^^  ^^^^ 


/ci(N»NO,) 

or 

iri   =    -  ler  In   [f (N./K)   fCl(H«/K)l    +  rd  (50) 

equally  usable  for  estimation  of  r^* 

Combining  Equations  49  and  50  we  obtain 

RTln  |r*/'ci(N./K)  r(N./K)  1  (51) 


2 
or  by  introduction  of  (II) 

^•-i?rfaf*""<"°'>  (62) 

2  OAgCl(TfftNOi) 

showing  an  important  relation  to  hold  between  solubility  and  electro- 
motive force. 
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It  is  obvious  that  when  r^  has  been  determined  from  solubility  measure- 
ments and  therefore  ir^  can  be  computed  by  means  of  Equation  49  from 
measurements  of  the  cell  (I)  then  Equation  49  can  be  generally  utilized 
for  the  determination  of  r,-,  the  ratios  of  interaction,  inserting  in  the  so- 
lutions various  electrodes  and  adding  small  amounts  of  the  corresponding 
salts. 

Since  for  r(Na/K)  the  value  1 .  010  has  been  found  above,  the  liquid  junc- 
tion potential  in  a  cell  like  (I)  containing  potassium  and  sodium  associated 
with  the  same  anion  is  given  by  v^  =  irj  —0. 00025  volt  at  20**.  The  two 
it's  are  here  reckoned  in  the  direction  from  K"*"  to  Na+  solution. 

Summary 

1.  The  activity  coefficient  of  an  ion  may  be  determined  by  two  factors, 
one  of  which  is  due  to  the  salting-out  efifect  of  the  salt  solution  serving  as 
solvent  and  the  other  to  electrical  interaction  between  the  said  ion  and  the 
ions  of  the  solvent. 

2.  Ions  are  imiformly  influenced  by  ions  of  their  own  sign.  Their 
activity  coefficients  depend,  therefore,  only  upon  the  action  of  ions  of 
opposite  sign  and  the  salting-out  effect  of  the  solvent. 

3.  The  salting-out  effect  of  a  salt  solution  can  be  represented  as  a  prod- 
uct of  the  salting-out  effects  of  the  separate  ions. 

4.  Simple  relations  regarding  solubiUty  in  salt  solutions  at  constant 
concentration  are  derived. 

5.  Methods  for  determining  the  ratios  of  salting-out  coefficients, 
coefficients  of  interaction  and  activity  coefficients  are  given. 

6.  A  thermodynamic  relation  between  activity  coefficients  and  osmotic 
coefficients  in  solutions  of  constant  total  concentration,  and  a  relation 
between  solubiUty  and  freezing  point  are  derived. 

7.  A  method  for  estimating  liquid-junction  potentials  is  fotmd. 

8.  The  theoretical  conclusions  in  the  paper  are  experimentally  verified. 
CopBNHAGSN,  Denmark 
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In  recent  communications  to  This  Journal^  a  procedure  was  described 
by  which  the  heats  of  slow  reactions  lasting  6  hours  or  more  could  be  meas- 
ured with  precision.  By  an  illustrative  determination,  the  heat  of  in- 
version of  sucrose  by  acid  was  fixed  withm  an  extreme  experimental  dis- 
crepancy of  4  gram-calories,  which  represented  a  variable  error  but  little 
greater  than  that  observed  in  the  similar  measurement  of  reactions  com- 
plete in  10  minutes.  This  indicated  that  the  precision  of  the  protracted 
measurements  was  limited  more  by  defects  inherent  in  the  general  method 
than  by  imperfect  control  of  the  minute  but  slowly  cumulative  leakage 
which  the  procedure  had  been  designed  to  minimize.  There  was,  on  the 
other  hand,  no  evidence  to  show  that  such  leakage  had  been  prevented; 
indeed  systematic  errors  were  suspected,  and  the  accuracy  of  the  de- 
terminations was  acknowledged  to  be  in  doubt.  The  present  paper  de- 
scribes an  attempt  to  discover  the  sources  of  both  the  variable  and  the 
constant  errors  which  significantly  affect  measurements  of  this  type, 
and  thus  to  establish  for  them  a  workable  standard  of  true  accuracy. 
The  attempt  has  been  successful  to  this  extent:  that  all  thermal  disturb- 
ances appear  to  be  identified,  which  in  protracted  determinations  10 
hours  long  are  likely  to  cause  errors  of  half  a  gram-calorie  or  more.  The 
possibility  of  eliminating  these  effects  (by  means  which  the  present  work 
suggests)  is  now  being  tested  by  a  more  minute  examination  of  the  sucrose 
inversion.  Meanwhile  the  results  here  presented  possess  a  certain  inter- 
est in  themselves,  since  in  many  ways  they  are  of  general  applicability. 

Thermal  Disturbances  Examined 
In  nearly  all  precise  adiabatic  calorimetry  heretofore,  an  open  calor- 
imeter has  been  used,  surrounded,  at  least  laterally  and  below,  by  very 
narrow  air  spaces,  and  stirred  reciprocally.'  The  thermal  disturbances 
recognized  as  sources  of  probable  error  in  the  preceding  research  were 
for  the  most  part  characteristic  of  this  type  of  system.  They  had  been 
traced  to  the  following  sources:  (1)  direct  conduction  leakage  between 
calorimeter  and  outer  environment  through  thermometer,  stirrer  rods 
and  operating  mechanism,  and  through  the  insulations  which  enclosed 
these  parts;  (2)  direct  convection  leakage  between  calorimeter  and  outer 
environment,  caused  by  the  pumping  of  air  by  reciprocating  stirrers; 
(3)  complicated  disturbances  of  leakage  between  calorimeter  and  bath, 
caused  by  the  accidental  presence  of  moisture  in  the  insulating  air  gaps,  and 

»  This  Journal,  42, 1295. 1911  (1920). 

« See  ibid.,  37,  994  (references)  and  1006  (1916);  ibid.,  38,  1475  (1916);  39,  2113 
(1917) ;  42, 1623  and  1914  (1920).    But  <f.  Bur.  Standards  BuU.,  11, 210#. 
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by  various  superimposed  eflfects  of  evaporation  from  the  open  system; 
(4)  imperfectly  adiabatic  initial  conditions  due  to  similar  causes,  themselves 
the  result  of  diverse  prior  conditions;  (5)  various  effects  of  transiiiission 
and  distribution  lags ;  (6)  possible  irregtdarities  in  the  production  of  stirring 
heat;   (7)  thermometric  imcertainties  caused  by  environmental  influences. 

The  present  investigation  comprised  an  examination  of  all  these  sources 
of  uncertainty. 

Thermometry 

Temperatures  were  determined  by  the  twin  mercury  thermometers 
previously  used  and  elsewhere  described.*  The  reading  error  of  these 
instruments  was  less  than  0.0005**.  The  probable  error  of  calibration, 
never  greater  than  0.0010**,  was  for  the  small  temperature  differences 
observed,  which  were  read  on  selected  ranges,  considerably  less  than  this.^ 
There  was  no  evidence  of  significant  capillary  friction  with  changes  more 
rapid  than  0.002®  per  hour,  and  the  few  irregular  fluctuations  of  this 
magnitude  which  were  observed  were  of  ambiguous  origin.*  In  all  cases 
where  such  irregularity  was  apt  to  cause  significant  error,  the  measure- 
ment was  checked  by  change  of  procediu^.  The  thermometers  were 
installed  and  manipulated  as  formerly,  so  as  to  eliminate  the  danger  of 
irregular  registrations  due  to  dissimilar  or  variable  immersions  and  expos- 
ures; and  were  further  protected  from  the  body  heat  of  the  operator  by  a 
mirror,  and  from  the  possible  effects  of  illumination  by  water  screens,  which 
'  adequate  tests  showed  to  be  completely  effective.  Thermometric  lag  intro- 
duced no  errors.  In  every  measurement  the  total  thermometric  error,  thus 
made  determinable  and  always  estimated,  was  found  to  be  too  small  to  inval- 
idate inferences  drawn  from  the  relations  of  the  thermal  effects  measured,* 

•Ref.  1.  pp.  1918-1920. 

*  The  calibration  had  been  made  by  comparison  with  normal  instruments  (made  by 
Baudin  and  standardized  by  the  Bureau  des  Poids  et  Mestu-es)  in  a  carefully  controlled 
adiabatic  system.  Sixteen  points  in  three  groups,  each  of  which  covered  the  total  range 
of  0.6^,  were  thus  determined,  and  checked  each  other  with  remarkable  nicety.  In 
meastu-ements  of  small  changes  of  temperature,  the  ranges  selected  were  on  smooth 
slopes  of  the  calibration  curves  close  to  chosen  determined  points.  Larger  temperature 
changes  were  measured  over  the  complete  segments  between  determined  points.  In 
this  manner  errors  of  interpolation  were  largely  avoided. 

*  That  is,  possibly  due  to  thermal  inhomogeneity  within  the  calorimeter,  to  abrupt 
irregularity  of  capillary  bore,  or  to  momentary  change  of  stem  temperature. 

*  In  the  measurements  of  the  heats  of  stirring  at  lowest  speeds  (Tables  I  and  II),  of 
leakage  rates  due  to  conduction  between  calorimeter  and  outer  environment  (Table  IV). 
of  the  final  and  vanishing  rates  of  temperature  change  caused  by  surface  adsorption  of 
moisture  (Table  IX),  and  of  certain  thermal  leakages  between  calorimeter  and  bath 
under  heads  of  0.1®  (Table  V),  the  total  temperature  changes  observed  were  less  than 
0. 01  ° .  In  these  cases,  thermometric  error  caused  uncertainties  of  measurement  amount- 
ing to  10%  or  more.  But  all  these  data  were  either  checked  by  repetition  or  were 
confirmed  by  their  concordance  with  the  results  of  more  dependable  measurement 
In  the  succeeding  tables,  the  error  of  observation  for  every  recorded  rate  of  temperature 
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and  the  continued  use  of  these  instriunents  was  thus  for  the  time  being 
justified.' 

Control  of  Outer  Environmental  Temperature 
The  constant  temperature  closet  previously  built*  and  later  con- 
siderably improved  was  used  throughout.  Since  a  very  carefully  con- 
trolled environmental  temperature  appears  to  be  essential  in  pro- 
tracted calorimetry  (p.  916  and  Table  IV),  this  device  merits  a  brief 
description.  The  closet  was  built  of  wood  with  double  walls  and  floor 
in  the  middle  of  a  cellar  laboratory.  Its  walls  were  pierced  near 
the  ceiling  with  adjustable  apertures,  so  that  when  the  temperature 
outside  it  remained  2°  or  more  below  that  within,  the  latter  could  be  made 
naturally  to  fall  at  a  rate  fairly  definite  and  not  too  slow.  By  means  of 
ice  water  flowing  through  a  grid  on  the  ceiling,  this  natural  fall  could  be 
maintained  also  within  the  closet  itself,  so  that  it  could  be  used  in  hot  as 
well  as  in  cold  weather.  Against  this  temperature  fall  an  electrical  heat- 
ing and  distributing  mechanism  operated,  so  as  to  establish  a  slightly 
fluctuating  temperature.  The  control  was  maintained  by  a  bimetallic 
regulator  and  relay  arrangement,  in  all  essentials  similar  to  those  commonly 
used  with  water  thermostats.  In  principle,  therefore,  the  room  was  a 
thermostat  of  this  type. 

To  make  a  fairly  uniform  distribution  possible,  the  heating  device  was 
built  on  the  outer  wall  of  the  closet.  A  small  blower  fan  sucked  air  slowly 
upward  through  a  vertical  insulated  box  containing  adjustable  resistances, 

change  may  be  computed  by  comparing  the  temperature  changes  observed  (rates  X 
durations)  with  0.0010^  (maximal  thermometric  error)  or  with  0.0005**  (the  probable 
thermometric  error). 

^  The  data  provided  by  this  investigation  give  support  to  the  opinion  that  excepting 
in  rare  instances,  the  calorimetric  uncertainty — that  due  to  the  effects  of  natural  ther- 
mal disturbances  in  imperfectly  controlled  systems — ^has  been  in  the  past  considerably 
greater  than  the  necessary  thermometric  error  of  mercury  instruments.  Such  usually 
(cf .  p.  934)  has  been  the  case  whenever  open  calorimeters  have  been  used,  or  whenever 
in  determinations  carried  out  with  closed  systems  no  particular  precautions  have  been 
taken  to  avoid  surface  contaminations  or  the  presence  of  water  in  the  air  gap.  It  is 
always  likely  to  be  the  case  whenever  undetermined  lags  occur,  and  is  inevitably  so  in 
all  protracted  determinations.  If,  in  addition,  the  errors  which  are  characteristic  of 
particular  physico-chemical  processes  are  considered,  it  will  be  apparent  that  the  use  of 
mercury  instruments  will  continue  to  be  advantageous  in  all  experimental  work  designed 
to  establish  the  efficacy  of  special  calorimetric  procedures.  When,  however,  these 
sources  of  uncertainty  have  been  brought  under  definite  control,  a  more  exact  electriod 
thennometry  will  certainly  justify  itself.  The  most  troublesome  defects  of  mercury 
thermometers,  particularly  those  due  to  large  and  uncertain  errors  of  calibration,  to  the 
necessity  of  stem  exposure,  and  to  capillary  friction,  may  doubtless  be  considerably 
improved;  and  the  possibility  of  such  improvement  merits  consideration.  There  is  no 
dotibt,  however,  that  the  technique  of  the  most  precise  mercury  thermometry  is  already 
about  as  exacting  as  any  other. 

•Ref.  1,  p.  1915. 
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where  it  was  heated  to  any.  desired  temperature.  In  hot  weather  a  grid 
of  metal  plates,  through  which  ice  water  flowed  continuously,  replaced 
the  coils.  From  this  box  the  air  was  blown  across  the  regulated  heating 
lamps,  which  were  held  in  a  horizontal  metal  box  of  somewhat  smaller 
cross  section,  uninsulated  and  set  out  from  the  wall  (so  that  it  radiated 
freely  and  was  without  great  lag)  and  was  delivered  into  the  closet  through 
a  hopper  shaped  frame  so  placed  that  the  incoming  stream,  if  unchecked, 
would  not  impinge  upon  any  operating  mechanism.  It  was  then  caught 
between  two  horizontal  and  opposed  air  currents  from  swinging  eight-inch 
fans,  and  was  thus  scattered.  Smoke  tests  showed  that  the  distribution 
thus  effected  was  sufficiently  rapid.  The  ventilation"  was,  of  course, 
excellent.  The  space  (4.0  X  2.7  X  2.7  meters)  was  sufficient  for  two  calor- 
imeters with  all  desirable  accessories,  and  could  be  used  by  two  operators 
without  disagreeable  crowding.' 

The  closet  held  necessary  water  in  a  single  closed  150-liter  tank,  fed 
from  a  similar  tank  above  it  on  the  outer  side  of  the  wall.  In  this  tank 
water  was  heated  uniformly  and  automatically  to  calorimeter  temperature 
before  it  was  introduced.  Residual  water  in  the  inner  tank  was  similarly 
brought  to  the  same  temperature  before  mesaurements  were  made.*® 

The  illumination  of  the  closet  was  direct,  from  water-screened  tungsten 
filament  lamps,  and  the  walls  and  large  fixtures  were  painted  black. 
This  defined  the  sources  of  possible  irregularities  from  radiation  effects 
in  all  measurements.  It  is,  however,  probable  that  brighter  indirect 
illumination  in  a  white  walled  room  would  have  been  safe  enough. 

By  these  arrangements  the  temperature  in  the  vicinity  of  the  calori- 
meter was  continuously  held  to  within  0.2°  or  even  0. 1°  of  the  calori- 
metric.  As  will  be  shown  later,  this  control  was  necessary  but  sufficient 
to  reduce  the  correction  for  direct  leakage  between  the  calorimeter  and 
its  outer  environment  during  10  hours  or  less  to  magnitudes  calculable 
without  significant  error  from  the  determined  leakage  rates  for  large 
thermal  heads  (Table  IV). 

New  Modifications  of  Calorimeters 

The  calorimeters  used  were  two  similar  systems  of  the  approximate 
dimensions  and  heat  capacities  most  practical  for  general  thermochemical 
work.**    They  were  built  to  accommodate  without  essential  modification 

*  A  closet  formerly  used  (3.6  X  1.8  X  2.4  meters)  was  not  only  inconvenient  even 
for  one  operator,  but  was  less  easily  regulated.  In  this  construction,  the  air  was  taken 
from  the  closet  itself  instead  of  from  the  outside  laboratory.  Such  construction  elimi- 
nates the  preheating  and  precooling  boxes,  but  necessitates  the  installation  of  a  ventilat- 
ing fan.  It  is  less  flexible  than  the  present  arrangement,  but  would  serve  well  in  case 
gases  were  set  free  within  the  room. 

^0  It  is  unnecessary  to  make  a  thermostat  out  of  the  inner  tank. 

"  For  the  sake  of  possible  future  comparisons  of  data,  the  essential  figures  are  here 
given:  height  of  open  cylindrical  vessel,  152  mm.,  of  closed  vessel,  154  mm.;  diameter, 
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any  type  of  thermometric  mstruii],ent,  various  inner  vessels,  electrical  re- 
sistance, accessory  thermo-elements  and  so  on,  and  they  were  provided  with 
several  jackets  by  which  they  could  be  siurounded  by  air  spaces  of  various 
widths  and  configurations,  and  with  external  mechanisms  by  convenient  ad- 
justment of  which  they  could  be  stirred  reciprocally  at  several  speeds  by 
one  or  two  stirrers  operating  in  conjunction  or  opposition,  continuously 
or  intermittently.     A  single  cylindrical  calorimetric  vessel  of  gold-plated 


Fig.  1. — Closed  calorimeter  with  40mm.  jacket.  Metal  is  blank,  or,  as  wire  or 
sheet,  is  black;  vulcanite  is  heavily  and  rubber  lightly  hatched;  wax  or  kneaded 
rubber,  cross  hatched.  Mercury,  mirror  surfaces  and  cement  are  black;  ivory  and 
glass  are  unmarked. 

Parts  behind  the  (diametrical)  section  are  lighdy  drawn.  The  calorimeter  support 
is  represented  as  having  4  arms;  in  reality  it  has  3.  The  stoppered  apertures  in  the 
calorimeter  cover  are  those  for  a  second  stirrer  and  electrical  leads.  They  help  to 
indicate  the  whole  extent  of  metallic  connection  between  calorimetric  liquid  and  cover. 
Other  accessory  contrivances  not  used  in  this  work  are  not  drawn.  Reduced  to  one- 
quarter  actual  size. 


108  mm.;  heat  capacity  here  invariably  used,  1234  gram-calorie  units  for  both  closed 
and  open  sy8teni3. 
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copper  was  tised  throughout.  This  was  fitted  with  a  brass  cover  which 
bore  vertical  chimneys  of  vulcanite  to  accommodate  thermometer  and 
stirrer  rods,  and  which,  excepting  at  the  stirrer  apertures,  could  be  made 
vapor-tight  by  gaskets  of  kneaded  rubber.  The  cover  was  in  thermal 
contact  with  the  calorimeter  water  through  inner  brass  extensions  of  the 
chimney  collars  as  well  as  through  the  vessel  walls.  It  was  thus  held 
closely  enough  at  calorimeter  temperature  dtuing  the  slow  changes  here 
measured.^*  The  calorimeter  thus  arranged  is  that  designated  in  the 
sequel  "the  closed  calorimeter."  Without  the  cover  it  is  called  "the  open 
calorimeter."  In  all  other  respects  excepting  for  their  insulations,  the 
two  systems  were  alike.  In  the  determinations  the  vessels  were  filled 
with  such  definite  weights  of  water  that  their  total  heat  capacities  were  the 
same  and  invariable  within  the  percentage  error  of  measurement,  and 
the  same  thermometer  and  stirrer  were  used  with  both. 

The  jackets  were  of  the  general  type  heretofore  employed.  Pour  of  these  jackets 
were  used  in  this  work,  of  such  internal  dimensions  that  when  they  held  the  dosed 
calorimeter,  the  air  gaps  which  surrounded  it  were  uniformly  10,  20,  30,  and  40  mm. 
wide.  The  jacket  rims  were  all  made  of  the  same  external  diameter,  so  as  to  fit  a 
single  cover,  a  plate  of  rolled  brass  into  which  chimneys  corresponding  to  those  on  the 
calorimeter  cover  but  larger,  were  tapped  and  soldered.    Closure  was  effected  against 

**  For  sealing  the  calorimeter,  kneaded  rubber  was  found  preferable  to  wax,  which 
by  smearing  was  likely  to  affect  the  surface  of  the  calorimeter  and  to  contaminate  its 
contents.  The  rim  gasket  here  used,  placed  at  the  inner  edge  of  the  cover,  suffices  for 
measurements  with  water,  but  in  chemical  operations  it  should  be  placed  outside  as, 
for  instance,  between  the  edge  of  the  cover  rim  and  a  ring  firmly  attached  to  the  outer 
vessel  wall  a  little  below  the  top.  A  construction  possibly  safer  in  the  Measurement  of 
more  rapid  changes  would  be  that  described  by  White  [Phys.  Rev.,  25,  137  (1007); 
31,  574,  671  (1910)  ] ;  a  depression  of  the  central  cover  surface  which  touches  the  surface 
of  the  contained  liquid.  This  device,  however,  would  restrict  unfavorably  the  working 
space  within  the  calorimeter.  The  use  of  oil  seals  with  such  construction  would,  of 
coiu-se,  be  inadvisable  in  chemical  operations,  and  would  justify  itself  in  any  case  only  if 
evaporation,  the  rate  of  which  would  be  modified  in  an  unpredictable  way  by  slight 
.  surface  contamination  with  oil,  were  wholly  prevented.  In  adiabatic  work,  particularly 
in  the  measurement  of  slow  processes,  a  space  between  the  calorimeter  liquid  and  a  dose 
fitting  and  highly  conducting  cover  is  not  a  disadvantage  whenever  the  adiabatic  con- 
dition can  be  closely  maintained.  Distillation  between  cover  and  liquid,  slight  even 
under  very  imperfect  adiabatic  conditions,  amounts  to  nothing  more  than  added  internal 
distribution  lag. 

The  vulcanite  chimneys  seem  at  first  sight  a  more  serious  defect  in  construction. 
It  is  almost  certain,  however,  that  in  adiabatic  work,  when  the  temperature  of  the  bath 
fluctuates  slightly  about  that  of  the  calorimeter,  they  will  have  no  appreciable  lag, 
since  their  own  heat  capacity  is  a  very  small  fraction  of  the  whole,  and  since  under  these 
conditions  they  will  transmit  no  measurable  heat  to  and  from  the  system.  In  many 
of  the  present  measurements,  in  which  fairly  large  thermal  heads  were  established  be- 
tween calorimeter  and  bath,  the  chimneys  must  have  introduced  a  considerable  lag;  the 
effect  of  this  and  of  other  lags  was,  however,  eltnunated  by  establishing  in  every  measure- 
ment a  uniform  rate  of  flow  under  constant  head,  before  readings  were  accepted  for  rec- 
ord. 
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soft  rubber  gaskets  by  loose  damps,  conveniently  manipulated  with  a  socket  wrench. 
Within  the  jackets  the  calorimeter  rested  upon  and  was  centered  by  pointed  ivory  rods, 
cut  to  the  exact  widths  of  the  several  desired  gaps  and  screwed  into  sockets  on  a  radically 
adjustable  and  rigid  frame.  This  was  sectu-ed  in  the  looser  jackets  by  graduated  wedges 
with  which  it  could  be  symmetrically  adjusted.  The  dimensions  of  the  jackets  were, 
however,  sufficiently  uniform  and  exact  to  make  the  actual  widths  of  the  air  gaps  so  dose 
to  multiples  of  10  mm.  that  they  could  be  accepted  as  such  without  significant  error. 
The  jackets  and  jacket  cover  were  nickd  plated  and  highly  polished  inside,  and  the 
outer  surfaces  of  the  calorimeter  were  similarly,  though  not  so  perfectly,  reflecting. 

To  prevent  significant  leakage  through  the  stirrer  apertures  of  the  dosed  calorim- 
eter, the  following  construction  was  adopted.  The  stirrer  wires  at  a  point  which  lay 
10  mm.  above  the  liquid  surface  when  the  stirrer  was  in  its  lowest  position,  were  tapped 


Fig.  2.— Detail  of  stirrer  insulations:    A,  for  closed  calorimeter; 
B,  of  open  calorimeter.    One-half  actual  size. 


into  polished  rods  of  ivory  less  than  2  mm.  in  diameter.  Within  the  vessel  these  rods 
were  wholly  endowed  by  those  inner  extensions  of  the  narrow  brass  collars  of  the  chim- 
neys through  which  intimate  thermal  contact  between  cover  and  calorimeter  liquid  had 
been  effected.  Thence  they  extended  through  the  vulcanite  chimneys.  These  were  of 
such  length  that  they  traversed  the  widest  upper  basal  gap  and  entered  the  corresponding 
chimnejrs  of  the  jacket  cover.  They  were  surmounted  by  cjriindrical  brass  boxes, 
pierced  bdow  with  conical  apertures  just  large  enough  to  receive  the  rods,  and  filled  with 
cotton  wool  firmly  compressed  and  hdd  in  position  by  threaded  vulcanite  caps.  This 
arrangement  reduced  the  total  volume  of  water-saturated  air  set  in  motion  by  the 
stirrers,  and  thus  minimized  convection  in  the  chimneys,  permitted  no  conduction  of 
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heat  through  stirrer  wires  into  the  insulation,  and  enstu^d  a  dry  and  compressed  packinsr 
which  held  practically  still  air.  All  frictional  heat  due  to  scraping  was  developed  in  the 
boxes  and  was  conducted  through  the  brass  into  a  narrow  ring  of  air  in  dose  contact 
with  the  bath,  so  that  it  affected  neither  the  calorimeter  nor  the  insulating  spaces. 
The  narrow  aperture  of  the  box  served  also  to  steady  the  motion  of  the  stirrer.  Above 
the  vulcanite  chimneys,  the  jacket  chimneys  into  which  they  extended  were  also  stopped 
with  cotton  wool,  held  in  place  by  perforated  rubber  stoppers  lined  with  glass;  and  at  the 
top  were  fitted  with  glass  tubes  similarly  filled,  which  served  primarily  to  prevent  any 
contamination  of  the  insulation  beneath  by  spattering  from  the  bath.** 

The  apparent  efficacy  of  this  form  of  closure  for  the  covered  calorimeter  suggested 
the  advisability  of  closing  the  air  gap  in  a  similar  way  when  the  open  calorimeter  was 
used.  The  usual  stirrer  chimney  insulation  heretofore  employed — cotton  wool  held 
loosely  or  enclosed  in  glass  tubes  at  the  chimney  tops — is  very  slightly  effective  on  ac- 
count of  the  large  surfaces  exposed  to  environmental  temperattu-es,  as  will  be  shown  in 
any  case  by  rough  calculations  from  the  dimensions  and  thermal  conductivities.  In 
these  measurements,  therefore,  the  insulation  was  held  in  heavy  brass  cartridges,  pierced 
with  small  apertures  below,  and  closed  above  with  perforated  rubber  stoppers  lined  with 
glass,  which  fitted  snugly  into  the  jacket  stirrer  chinmeys  throughout  their  entire  length. 
By  this  device  the  stirrer  rods  from  the  open  calorimeter  were  made  to  pass  through  long 
tubes  of  cotton  wool  insulation,  the  lateral  areas  of  which  were  kept  at  bath  temperature, 
so  that  conduction  leakage  through  them  was  very  small  indeed.  The  efficacy  of  these 
insulations  was  demonstrated  by  the  constancy  with  which  the  isothermal  condition 
could  be  maintained  (p.  908) ;  by  the  very  slightly  variable  heating  caused  by  fast 
continuous  stirring  of  tmiform  speed  in  different  assemblages  (p.  909) ;  by  the  small 
leakages  between  calorimeter  and  outer  environment  which  resulted  from  conduction  and 
convection  through  the  stirrer  orifices  (Table  IV  and  Ref .  28) ;  and  by  the  r^3ults  of 
certain  meastu'ements  (Table  III)  in  which  while  slow  continuous  stirring  was  main- 
tained, the  leakage  rates  were  identical  under  positive  and  negative  bath  heads  as  great 
asl^ 

In  both  constructions,  the  ivory  rods  extended  into  the  outer  air,  where  they  were 
screwed  into  metal  rods,  which  in  turn  were  attached  by  nuts  securely  but  loosely  to  the 
stirrer  hanger.  The  operating  mechanism  was  that  employed  before,  modified  by  the 
inclusion  of  an  extra  countershaft  and  pulleys  which  pemiitted  its  adjustment  to  several 
speeds.  The  variability  of  these  speeds  was  slight,  and  introduced  after  suitable  cor- 
rection according  to  former  practice*^  no  appreciable  irregularities  into  the  calculation 
of  stirring  heats.  The  stirrer  itself  was  a  perforated  2-stage  ring  provided  with  extra 
blades  so  disposed  that  with  every  stroke  the  calorimeter  liquid  was  very  thoroughly 
agitated.     The  thermal  effects  of  stirring  are  discussed  further  on  (p.  909). 

The  bath  was  regulated  by  ice  water  and  sulfuric  acid  drips  as  heretofore  so  that  its 
temperature  fluctuated  about  that  of  the  calorimeter  over  a  range  of  less  than  =*:0.01  **. 
Correction  was  always  made  for  leakage  between  calorimeter  and  bath  on  the  assumption 

"  Other  forms  of  closure  were,  of  course,  possible.  The  simple  device  of  flexible 
rubber  tubes  attached  to  stirrer  rods  and  chimney  tops  and  certain  practicable  though 
more  or  less  elaborate  forms  of  liquid  seal  closures  were,  despite  their  probably  greater 
efficiency,  left  tmtried  because  of  the  eddying  air  currents  they  were  likely  to  set  up  in  the 
air  gaps. 

In  one  test  of  the  adiabatic  insulation,  the  cotton  wool  in  the  boxes  was  saturated 
over  its  middle  zone  with  heavy  cylinder  oil.  The  precaution  was  quite  practicable, 
for  no  oil  leaked  out;  but  it  proved  to  be  tmnecessary.  Vaseline  was  too  viscous  to  be 
used  advantageously  in  this  way. 

^*  From  the  data  of  Table  I  and  according  to  the  procedure  of  Ref.  1,  p.  1936. 
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previously  made  that  the  leakage  was  proportional  to  thermal  head.  The  leakage 
measurements  hereafter  described  (pp.  918,  934;  Tables  V  and  X)  proved  that  this 
assumption  alone  involved  no  significant  error  in  measurements  made  either  with 
the  closed  or  with  the  open  system.  The  bath  was  stirred  by  2  multiple  paddles,  so 
effectively  that  having  been  locally  warmed  or  cooled  by  the  drips,  it  always  came  to 
complete  thermal  homogeneity  within  50  seconds.  This  delay  was  the  same  for  rise  and 
fall  of  temperature,  and  introduced  compensating  errors  into  the  record  of  its  slight  and 
regular  fluctuation  which  calculations  from,  the  minute  data  of  former  protracted  meas- 
urements proved  to  be  quite  negligible.  It  was  probable  that  the  thermal  inhomogeneity 
of  the  bath  was  too  small  to  affect  sensibly  the  uniform  distribution  of  heat  over  the 
highly  conducting  jackets:  these,  therefore,  were  assumed  to  be  at  every  instant  during 
measurement  practically  isothermal."  Convection  lag  within  the  jackets  was  certainly 
quite  negligible.**  The  volume  of  the  largest  air  gap  was  4.8  liters.  Its  heat  capacity 
at  the  temperature  of  measurement.  1.4  gram-calorie  units,  was  too  small  to  affect  the 
results  of  usual  measurement  even  if  it  were  wholly  neglected  (Ref.  11)  and  in  any 
case  its  effective  heat  capacity  could  be  estimated  with  negligible  error.  Calcu- 
lation from  its  determined  thermal  conductance  (Table  VIII)  also  showed  that  under 
the  adopted  bath  control  its  conduction  lag  would  be  too  small  to  affect  with  signifi- 
cant error  the  calculation  of  the  thermal  transfer  between  calorimeter  and  bath, 
which  ignored  this  effect."  It  is  therefore  apparent  that  neither  the  heat  capacity 
nor  the  total  thermal  lag  of  the  widest  air  gap  could  have  any  perceptible  effect  on  the 
results  of  protracted  measurements  made  with  systems  similar  to  those  here  employed; 
and  that,  finally,  the  procedure  formerly  adopted  for  the  reduction  and  correction  for 
leakage  between  calorimeter  and  bath  involved  no  significant  error.  This  correction  was 
never  greater  than  0.(XX)5°;  and  when  the  wider  gaps  were  used,  was  wholly  negligible. 

"  The  convection  leakages  tmder  very  small  heads  suggested,  however,  that  they 
may  not  have  been  so  (Ref.  37). 

'*  There  was  no  need  to  attempt  the  difficult  determination  of  such  lag.  Under  an 
adiabatic  control  even  carelessly  maintained,  the  temperature  difference  .between  calor- 
imeter and  bath  will  never  be  greater  than  0. 1  ®.  With  a  10-  or  a  20mm.  air  gap,  the  total 
convection  leakage  under  this  head  is  not  more  than  0.013  g.-cal.  per  minute,  and 
with  the  40mm.  gap  it  is  about  half  as  much  (Table  VI  and  Ref.  11).  Even  if  this 
leakage  were  wholly  prevented  by  lag,  the  resulting  effect  during  periods  of  mixture, 
which  when  properly  conducted  are  not  longer  than  5  minutes,  and  upon  correspondingly 
large  bath  fluctuations  of  similar  duration  due  to  accident,  would  be  negligible.  The 
analogous  effect  on  the  leakage  into  a  bath  held  continuously  at  a  mean  temperature 
0.01^  lower  than  the  calorimeter  would  be,  if  the  narrowest  (10  mm.)  gap  were  used,  less 
than  0.(X)13  g.-cal.  per  minute,  or  0.8  cal.  in  10  hours,  but  in  practice  the  bath  fluctuates 
about  the  calorimeter  temperature  within  a  range  of  less  than  ^^O.Ol**  and  the  effect  is, 
again,  negligible. 

"  The  maximum  bath  head  was  0.01°;  the  mean  head  of  the  insulating  air,  there- 
fore, averaged  0.005°,  and  its  average  excess  or  deficiency  of  heat  while  leakage  was 
constant  under  the  maximal  bath  head  was  1.4  X  0.(X)5  »  0.(X)7  cal.  Since  the  thermal 
conductance  under  0.01°  head  was  0.010  cal.  per  minute  (Table  VIII  and  Ref.  11)  this 
heat  at  the  maximum  head  would  be  delivered  in  0.007  ^  0.010  =»  0.7  minute.  It 
would  therefore  be  in  considerable  part  delivered  during  the  reversal  of  the  bath.  As- 
suming such  reversals  to  occur  not  oftener  than  every  10  minutes  (the  usual  practice) 
or  60  times  in  10  hours,  the  total  heat  retained  by  the  gap  from  leakage  in  one  direction 
would  average  less  than  60  X  0.007  »  0.4  cal.— a  quantity  itself  negligible,  amounting 
to  no  more  than  Vi  of  this  leakage,  and  largely.  If  not  wholly,  compensated  by  the  simi- 
lar effect  on  leakage  in  the  opposite  direction. 
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Establishment  of  the  Isothermal  Condition 
When  the  closed  calorimeter  equipped  with  thermometer  and  stirrer 
was  held  in  a  diy  air^'  space  with  the  bath  kept  fluctuating  within  *  0. 01  ^ 
and  the  outer  environment  within  *  0.2°  of  the  temperature  within, 
it  could  be  and  was  repeatedly  maintained  isothermal  for  3  hoturs  or  more 
within  the  range  of  thermometric  sensitivity.  The  duration  of  these 
tests  and  their  variety  with  respect  to  absolute  temperature  and  prior 
condition  made  it  very  improbable  that  this  apparent  constancy  was  due 
to  anything  but  a  real  equilibrium.  *• 

With  the  closed  calorimeter  in  a  dry  gap,  this  condition  was  always 
easily  established.  With  the  open  calorimeter,  on  the  contrary,  great 
difficulty  was  encoimtered,  due  not  only  to  evaporation  leakages,  which 
could  be  prevented  by  saturating  the  gap  with  water,  but  to  various 
protracted  thermal  disturbances  caused  by  the  surface  adsorption  of 
moisttu'e  and  the  occasional  isothermal  distillation  from  droplets  which 
accompanied  readjustments  from  diverse  prior  conditions  (p.-  934.  Cf. 
p.  931).  These  eflfects  could  be  most  certainly  eliminated  by  enclos- 
ing the  open  vessel  in  a  dry  gap  and  allowing  it  to  rest  at  con- 
stant temperature  for  several  hours  (conveniently  overnight)  until 
equilibrium  was  established,  a  procedtu'e  which  necessitated  a  ther- 
mostatic regulation  of  the  bath.  Such  regulation  could  be  avoided  only 
by  bringing  the  bath  before  measurement  to  the  desired  temperature, 
and  holding  it  there  while  the  jacket  surfaces  and  that  of  the  calorimeter, 
previously  heated  to  a  temperattu'e  somewhat  higher,  were  slightly  wetted 
and  allowed  to  dry  until  the  adhering  water  was  almost  invisible. 
Then,  after  quick  assemblage,  it  was  not  impossible  that  equilibrium  could 
be  established  within  an  hour,  but  this  was  by  no  means  certain.  In  the 
long  nm,  time  would  be  saved  by  the  former  procedure.*®  In  either 
way,  however,  an  isothermal  condition  could  be  established  with  the  open 
calorimeter  in  a  saturated  gap,  as  exact  as  that  effected  with  the  closed 
calorimeter  in  a  dry  gap.  Both  systems,  at  rest  under  the  habitual 
controls  of  bath  and  environmental  temperature,  ftmctioned  for  3  hours, 
>*  In  this  paper  the  phrase  dry  air  will  mean  not  water-free  air,  but  air  so  far  un- 
saturated with  moisture  that  a  temperature  fall  of  calorimetric  range  will  not  cause 
precipitation  or  supersaturation. 

^*  The  constancy  of  temperature  was  not  disturbed  by  slow  stirring  which  developed 
no  measurable  heat  but  which  nevertheless  was  sufficient  to  maintain  thermal  homo- 
geneity;  and  the  occasional  warming  and  cooling  of  the  thermometer  stem*  which  caused 
temporary  displacements,  after  which  the  temperature  of  equilibrium  was  approached 
by  rising  and  falling  threads,  resulted  in  no  pennanent  change  of  reading. 

**  It  was  possible  to  establish  the  isothermal  condition  very  quickly  by  dampening 
the  calorimeter  surface,  assembling  in  a  dry  gap  and  introducing  water  into  the  gap 
afterward;  but  this  procedure  was  calorimetrically  impracticable,  since  with  stdbsequent 
change  of  temperature,  the  presence  of  free  water  in  the  gap  was  a  source  of  thermal 
disturbance.     (P.  935.) 
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and  hence  presumably  for  longer  times,  as  thermostats  precise  to 
=^  0. 0005**.  Their  behavior  under  fixed  conditions  of  thermal  leakage  and 
under  adiabatic  change  of  temperature  will  be  discussed  later  (pp.  918, 
934). 

Heat  of  Stirring  and  Stirring  Lag 

A  large  number  of  measurements  were  made  of  the  heat  developed 
by  reciprocating  stirring,  on  account  of  the  very  dangerous  uncertainties 
which  may  result  in  precise  measiu-ement  from  its  incomplete  control. 
Each  test  was  made  with  the  closed  calorimeter,  which  previously  had  been 
held  isothermal  for  an  hour  or  more.  In  all  cases  the  jacket  was  regulated 
with  such  care  that  the  correction  for  leakage  was  negligible.  Each 
test  lasted  from  40  minutes  to  2  hours,  and  none  involved  variations  in 
stirring  speed  large  enough  to  make  errors  in  the  correction  for  this  irregu- 
larity markedly  significant.  Since  all  temperature  changes  observed 
were  slow,  it  was  possible  to  read  the  thermometers  closer  than  the  usual 
0.0005°,  and  such  readings,  marked  +  and  — ,  were  taken  at  10-minute 
intervals.  The  teinperatiu-e  ranges  measured  were  chosen  so  as  to  avoid 
calibration  corrections,  and  check  measurements  were  made  at  different 
temperatures.  The  adequacy  of  these  precautions  was  not  assumed, 
but  was  proved  in  every  case  by  the  evaluation  of  all  corrections. 

The  constancy  of  the  rate  of  heat  production  under  continuous  stirring 
at  identical  speeds  was  first  tested  by  measurements  made  with  different 
assemblages,  scattered  throughout  the  whole  series  of  experiments  and  over 
various  ranges  within  a  total  compass  of  about  0.2°.  It  was  found 
that  continuous  stirring  at  the  constant  rate  of  56.0  strokes  per  minute 
during  30  minutes  caused  within  reading  error  the  same  rise  of  tempera- 
ture. Since  this  rate,  maintained  for  this  time,  will  be  sufficient  in  all 
determinations  of  heats  of  reaction  in  solution  to  ensure  a  thorough  and 
rapid  mixing,  it  was  thus  demonstrated  that  with  systems  no  more  care- 
fully constructed  than  those  here  used,  mechanical  irregularity  caused 
by  varying  frictional  heats  developed  within  the  systems  would  usually 
have  an  insignificant  effect  on  the  heat  of  stirring. 

The  variation  of  the  heat  of  continuous  stirring  with  change  of  speed  was 
determined  in  three  systems  of  widely  different  internal  configurations.  The 
results  are  given  in  Table  I.  The  system  there  marked  Calorimeter 
A  was  that  used  in  the  present  investigation  (See  Fig.  J) ;  Calorimeter  S 
was  a  closed  thermochemical  system  closely  similar  to  that  tised  in  the  de- 
termination of  the  heat  of  inversion  of  cane  sugar  by  acid.**  Calorimeter  R 
was  one  which  held  between  two  reciprocating  stirrers  an  electrical  resist- 
ance enclosed  in  a  loose  vertical  coil  of  small  metal  tubing.  In  the 
first  two  systems  the  stirring  was  performed  by  one  stirrer;  in  the  third 
"  Rcf.  1,  Kg.  1. 
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Tablb  I 

Variation  of  the  Heat  of  Continuous    Reciprocating  Stirring  with.  Speed 

Rate  of  Influence  on  x 

change  in  x  in.  ^^  probable 

Expt.  Duration  Speed  temperature   the  relation;         errors  of  measurement* 

„  _  /?'^'5*  Error  of  tem-  Rrror  of  stir- 

Strokes      Degrees  peTg  peiatore  de-    ring  rate  dc-     Sura  « 

Min.    per  minute  minute  X  10  termination    terminatiop   (maximal) 

5  R  *0.0005*  «*=0.3 

Calorimeter  A :  Temp,  range  =  .058** 
JT5  6(r  56.2  765  .  ±  ±  * 

JT2         70  42.8         272  ^.7  X    47        0.0  0.2  0.2 

JT6  90  23.4  12  ^^Z  ^'^  "^  ^^ 

C AU)RiMETER  S,  Series  I :  Temp,  range  »  .  036  "* 
256  69  56.4  473 


258  55  35.75  89-         ll\  ^-^ 

^  8.0  /  0.7  0.6  1.2 


3.7  \   ^  n        0.2  0.2  0.4 

257  55  30.0  22* 

Calorimeter  S,  Series  II:  Temp  range  »  .032'' 
263  44  56.8  532 

3.9   /   "•*        0.2  0.2  0.4 


260  60  45.7  332  ^^  \  3.1        ^.1  0.0  0.1 


261  60  36.5  138" 

Calorimeter  R:    Temp,  range-  .036 
288  79  56.5  254 


289  80  45.6  109  ^/l  \   4.5 

4.7  /  0.8  0.2  1.0 


0.3  0.2  0.5 

A     '7         ?      *-^ 

290  80  36.2  37 

'  Maximal  values. 
*  Calculated  for  maximal  influence,  as  affecting  the  smaller  value  in  each  compari- 


'  The  total  error  is  probably  less  than  twice  this  sum.  Lateral  displacements  of  the 
stirrer  were  slight,  the  length  of  stroke  was  invariable  within  1  mm.  (in  50  mm.),  and  the 
temperature  range  was  too  small  to  involve  signiflcant  changes  in  viscosity,  in  every 
series.     Certain  duplicate  measurements  indicated  that  this  estimate  is  too  large. 

**  The  omitted  experiments  in  each  continuous  series  were  tests  of  the  maintenance 
of  the  isothermal  condition. 

'  The  discrepancies  between  the  rates  of  temperature  change  at  corresponding 
speeds  were  due  to  differences  in  heat  capacity,  length  of  stroke,  and  mean  temperatures, 
as  well  as  to  differences  in  the  internal  conflgurations. 

by  two  stirrers  in  opposition.  The  heat  developed  in  the  first  two  systems 
was  about  the  same;  it  was  considerably  less  in  the  third  system,  in 
which  more  eddying  occurred.  Each  group  of  measurements  was  made 
at  one  time  with  the  same  assemblage.  It  is  evident  from  the  data  that 
at  low  speeds  in  all  cases,  the  heat  developed  varies  as  the  fourth  and 
higher  powers  of  the  speed;  and  that  with  the  two  simpler  systems 
certainly,  and  probably  with  the  third,  as  the  rate  decreases,  the  heat 
developed  falls  off  more  rapidly.  This  variability  is  shown  to  be  real 
by  the  calculated  values  in  the  last  column  of  Table  I,  which  exhibit  the 
influences  of  the  maximal  probable  errors  of  observation  upon  the  deter- 
mined index  of  variability;  for  if  these  errors  be  applied  as  corrections  in 
the  most  unfavorable  sense  the  magnitudes  of  the  indices  and  their  quanti- 
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tative  relations  are  not  greatly  disturbed.  The  sense  of  the  change  in  vari- 
ability, moreover,  is  supported  by  the  results  of  former  observation  ac- 
cording to  which,  at  higher  rates,  the  heat  developed  varies  as  the  cube 
and  higher  powers  of  the  speed.^^  The  data  further  show  that  differences 
in  internal  configuration  may  have  an  effect  upon  these  relations  which 
in  precise  measurement  cannot  be  safely  ignored.  The  extraordinary 
sensitivity  of  heat  production  to  change  of  speed  here  shown  emphasizes 
also  the  need  of  maintaining  with  synchronous  motors  and  gear  transmis- 
sions or  similarly  effective  controls,  a  measurably  uniform  speed  in  all 
continuous  stining;  or  else  of  observing  the  stirring  speed  at  frequent 
intervals  during  measurement  and  of  correcting  for  its  variation.  Fi- 
nally the  results  prove  that  at  speeds  no  greater  than  12  strokes  a  minute 
in  systems  similar  to  those  here  employed  (in  which  friction  is  compara- 
tively large),  the  heat  developed  in  10  hours  will  be  inappreciable  by  mer- 
ciuy  thermometry.  Since  this  rate  will  be  sufficient  to  maintain  thermal 
homogeneity  in  all  reacting  media  not  distinctly  heterogeneous  and  rapidly 
changing,  it  is  therefore  evident  that  effective  continuous  stirring  is  per- 
missible, even  in  protracted  calorimetry. 

In  the  preceding  thermochemical  determinations,  which  necessitated 
rapid  continuous  stirring  during  an  initial  period  of  mixture,  and  which 
yet  demanded  the  development  of  very  little  stirring  heat  altogether, 
the  reacting  system,  after  solution  was  complete,  was  stirred  intermittently 
at  the  initial  rate  by  groups  of  strokes  applied  at  10-minute  intervals. 
This  method  would  be  advantageous  in  many  cases,  especially  when  stirring 
at  different  speeds  would  be  inconvenient;  and  similar  intermittent  stirring 
at  a  slower  rate  would  always  be  preferable  to  continuous  stirring  when 
very  small  temperature  changes  were  measured,  or  in  very  protracted 
determinations.  It  had  been  shown  ^*  that  in  homogeneous  reacting  liquids 
under  adiabatic  conditions  such  stirring,  even  when  very  slight,  was 
sufficient  to  maintain  a  uniform  calorimeter  temperature  during  the  progress 
of  any  slow  reaction;  and  it  was  believed  that,  in  the  determinations  re- 
ferred to,  the  slight  heat  developed  by  this  stirring  was  estimated  with 
sufficient  precision  by  assuming  that  the  heat  per  stroke  developed  by 
continuous  and  intermittent  stirring  at  the  same  rate  was  the  same.  This 
assumption,  which  left  out  of  account  the  initial  and  final  effects  of  liquid 
inertia,  required  confirmation.  With  the  two  calorimetric  systems  A 
and  S  (p.  909)  it  had  been  observed  that  after  stirring  at  the  maximal 
rate  of  56.0  strokes  per  minute,  noticeable  motions  of  the  liquid  per- 
sisted for  more  than  2  minutes  after  stirring  ceased.'*    The  procedure 

"  White,  This  Journal,  40,  1880  (1918).    Richards  and  Burgess,  ibid.,  32,  448 
449  (1910). 

"  Ref.  1,  p.  1934. 

**  These  motions  were  made  apparent  in  a  duplicate  system  which  held  a  dilute 
add*phen<dphthalein  solution  in  glass,  by  the  movements  of  filaments  of  alkaline  solu- 
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of  the  tests  was  suggested  by  this  observation.  Three  series  of  measure- 
ments were  carried  out.  In  the  first  of  these  the  closed  calorimeter  was 
used  in  a  wide  air  gap,  and  was  left  unsealed,  so  that  a  slow  evaporation 
took  place  which,  with  minimal  stirring  under  the  customary  controls  of 
bath  and  environment,  caused  a  measurably  constant  fall  of  temperature. 
Against  this  fall  the  rise  due  to  heat  of  stirring  was  developed.  The 
stirring  speed  was  constant,  and  the  stirring  was  both  continuous  and  in- 
termittent, a  definite  number  of  strokes  being  applied  at  5-minute  inter- 
vals in  measurements  of  the  latter  sort.  The  measurements  were  of 
varying  duration  and  were  made  and  repeated  in  irregular  succession. 
In  the  second  series  this  procedure  was  repeated  with  the  sealed  calorim- 
eter, which,  with  minimal  stirring  under  the  same  conditions,,  remained 
at  constant  temperature.  It  is  clear  that  in  these  two  series,  the  same 
rates  of  temperature  change — in  particular  the  minimal  rates,  which  were 
most  liable  to  error — ^were  developed  by  different  rates  of  stirring,  and 
the  experimental  uncertainties,  consequently,  greatly  reduced  by  a  com- 
parison of  results.  A  further  check  upon  the  precision  of  measurement 
was  provided  by  the  practice  of  stirring  by  groups  of  strokes  of  varying 
duration  at  equal  intervals,  since  in  a  given  time  all  such  stirrings  involved 
the  same  end  efi'ects  but  caused  different  rates  of  temperature  change. 
The  two  sets  of  data  (Series  I  and  II  of  Table  II)  are  closely  consistent, 
and  prove  that  within  the  thermometric  reading  error,  and  for  10  to  20 
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tion,  which  were  produced  when  a  drop  of  sodium  hydroxide  solution  was  placed,  directly 
after  stirring  had  ceased,  on  the  surface  of  the  acid.  An  immersed  centimeter  scale 
exhibited  the  minimal  rates  of  liquid  motion.  This  simple  device  served  equally  well 
to  show  the  directions  of  the  more  rapid  currents  and  their  relative  rates  of  retardation  in 
different  parts  of  the  system. 
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*  For  normal  values,  parts  of  the  rates  of  change  for  continuous  stirring  are  taken, 
proportional  in  every  case  to  the  relative  numbers  of  strokes  applied  in  unit  time 
(6  minutes).  The  divergence  of  the  experimental  and  normal  values  thus  measures  the 
divergence  of  the  determined  heats  of  intermittent  stirring  from  strict  proportionality 
to  the  corresponding  heats  of  continuous  stirring. 

*  The  error  values  here  represent  in  each  case  the  temperature  diflference  which 
would,  under  the  conditions  of  determination,  occasion  the  divergence  observed.  They 
were  calculated  from  the  extended  data  of  measurement,  which  are  merely  summarized 
here. 

*  Determinations  92  and  144  of  the  continuous  series  were  interpolated  tests  of 
.  leakage  constancy  and  isothermal  condition  respectively. 

The  measurements  of  all  series  were  made  in  the  succession  indicated  by  their  expt. 
numbers:  those  of  Series  I  on  one  day;  those  of  Series  II  and  III  on  two  successive 
days.  The  diflFerences  between  corresponding  absolute  values  in  the  three  series  is  due 
to  slight  differences  of  construction  in  the  systems  used,  to  constant  error  in  the  estima- 
tion of  evaporation  leakage  in  Series  I,  and  to  the  omission  of  certain  constant  corrections 
in  Series  I  and  II.  Since  Series  II  involved  two  assemblages,  it  is  clear  that  no  error 
entered  as  a  result  of  mere  readjustment  of  the  system. 

The  measurements  most  affected  by  capillary  friction  were  those  of  Expts.'  89 
and  148.  It  will  be  noted  that  these  exhibit  no  unusual  divergence  from  the  normal. 
The  only  divergence  which  suggests  that  liquid  inertia  has  a  measurable  effect  is  that  of 
Expt.  149:  but  the  correspondingly  large  negative  divergences  of  Expts.  91  and  143 
deprive  this  result  of  any  significance. 

groups  of  strokes,  the  average  heat  per  stroke  developed  by  intermittent 
and  continuous  stirring  is  the  same.  The  thermometric  precrision  during 
slow  changes  of  temperature  having  been  estabUshed  by  these  preliminary 
experiments,  two  determinative  tests  were  finally  made,  each  of  3  hours' 
duration  (Series  III  of  Table  II),  in  which  groups  of  10  strokes  were 
appUed  at  3-nunute  intervals.  These  yielded  a  heat  per  stroke  so  close 
to  that  determined  for  continuous  stirring  as  to  ensure  the  absence  of  sig- 
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nificant  error  in  correcting  for  the  heat  of  intermittent  stirring  developed 
according  to  former  practice  in  10  hours,  on  the  basis  of  the  original  as- 
sumption.*' It  was  thus  demonstrated  that  in  protracted  adiabatic  meas- 
urements with,  homogeneous  systems,  intermittent  stirring  is  permissible 
as  a  valuable  alternative  practice,  advantageous  whenever  it  is  desirable 
to  reduce  the  stirring  heat  to  the  least  possible  magnitude. 

Under  adiabatic  conditions,  a  minimal  effective  intermittent  stirring 
can  always  be  determined  by  trial  readings  of  temperature  taken  directly 
before  and  directly  after  the  stirring  is  applied.  Under  merodiabatic 
conditions,  such  tests  always  reveal  a  considerable  lag  even  when  the 
thermal  head  is  small.  This  lag,  which  is  obviously  occasioned  by  tem- 
perature differences  between  the  interior  and  the  periphery  of  the  calorim- 
eter established  by  leakage  during  the  intervals  of  quiescence,  is  a  source 
of  possibly  dangerous  error  in  measiu-ement,  since  because  of  it  the  es- 
tablished head  is  variable  and  its  mean  value  always  less  than  that  ob- 
served. It  seemed  desirable  to  determine  a  limit  of  toleration  for  possible 
irregularities  of  behavior  thus  occasioned  when  in  adiabatic  practice 
accidental  bath  heads  are  established  through  temporary  loss  of  control. 
The  closed  calorimeter  surrounded  by  air  gaps  10,  20,  and  40  mm.  wide 
was  subjected  under  eacb*of  these  conditions  to  bath  heads  of  0.6°  and 
1.00°  both  higher  and  lower,  which  were  consistently  maintained  by  the 
bath  drips  constant  within  the  same  limits  of  precision  as  those  of  adi- 
abatic measiu-ement.^* 

The  experimental  procedure  was  identical  with  that  of  the  leakage 
measiu-ements,  which  is  fully  described  elsewhere  (p.  920)  but  it  was 
probably  more  exact,  for  the  thermal  effects  measured  were  so  small  that 
excessive  precautions  had  to  be  taken  to  determine  even  the  sense  of  their 
variability.  Under  each  condition  of  measurement  the  thermal  leakage 
*  This  proportionality  will  obtain  only  when  the  stirring  is  sufficiently  thorough. 
In  parallel  tests  with  other  systems,  it  was  found  that  when  any  large  volume  of  liquid 
was  left  untraversed  by  the  stirrer  the  normal  flow  was  not  established  even  by  20 
strokes  of  vigorous  stirring.  This  was  shown  by  the  initial  rates  of  temperature  change, 
which  in  one  case  were  less  than  normal  for  over  2  minutes,  although  in  this  time  a  thor- 
ough mixing  was  accomplished  (Ref.  24).  In  these  cases  the  heat  per  stroke  in  inter- 
mittent stirring  may  be  very  much  less  than  that  of  continuous  stirring  at  the  same  rate. 
This  is  advantageous,  of  course,  if  the  heat  developed  is  negligible:  otherwise  with  every 
system  used  the  conditions  of  proportionality  should  be  established  by  trial. 

^  It  seems  probable  that,  when  by  proper  means  convection  leakage  is  eliminated, 
highly  accurate  determinations  may  be  made  under  a  condition  of  constant  leakage 
thus  maintained.  All  of  the  leakage  measurements  here  described  are  instanees  of  such 
determination.  The  advantageous  applicability  of  this  condition  to  other  than  stricdy 
calorimetric  measurement,  to  the  measurement  of  the  thermal  conductivity  of  gases 
and  other  thermal  insulators,  for  instance,  is  obvious  (cf.  Ref.  41,  third  paragraph). 
It  provides  also  promising  opportunities  for  the  development  of  precise  and  adequate 
procedures  in  isothermal  calorimetry,  which  are  at  present  under  investigation  in  this 
laboratory. 
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was  determined;  first,  when  the  stirring  was  continuous  at  a  speed  which 
was  found  to  be  completely  effective  in  maintaining  thermal  homogeneity 
at  all  times  (about  24  strokes  a  minute)  \^''  and  second,  when  stirring  was 
intermittent  and  slight,  at  the  rate  formerly  used  in  thermochemical 
measurement  (10  strokes  every  10  minutes  at  a  speed  of  about  56  strokes 
a  minute).    The  results  are  given  in  Table  III.    The  data  show  that  the 

Tabls  III 
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•  Discrepancy  traced  to  faulty  insulation:  the  error  is  greater  in  the  measurement 
under  negative  head,  and  the  average  is  probably  too  low. 

*  The  percentage  corrections  are  taken  in  the  probable  ratio  least  favorable  to  an 
accentuation  of  the  reverse  ciu^atures  of  the  leakage  curves  (cf.  Table  V). 

thermal  eflFect  of  the  inhomogeneity  imder  minimal  intermittent  stirring  with 
the  40mm.  gap  system  was  proportional  to  the  thermal  head,  but  that  with 
the  20-  and  10mm.  systems,  it  increased  somewhat  less  rapidly  than  the 
head.  The  maximal  and  minimal  effects  were  such  as  to  cause  respectively 
*'  With  the  system  here  used  held  under  a  constant  bath  head  of  1®,  the  measured 
rates  of  temperature  change  [corrected  for  a  heat  of  stirring  as  determined  under  adi- 
abatk  conditions  (Table  I)  ]  were  identical  when  the  rates  of  continuous  stirring  were 
16  and  24  strokes  per  minute. 
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about  8%  and  4%  diminutions  of  the  leakages,  which  would  imply  about 
the  same  percentage  diminutions  of  the  actual  thermal  heads.  The  effects 
of  measurement  error  in  these  determinations  is  indicated  in  the  table: 
although  relatively  large,  they  seem  not  to  affect  the  vaUdity  of  the 
above  inferences,  and  the  systematic  errors  involved  are  in  comparison 
quite  negligible.  It  thus  appears  that  the  inhomogeneity  permitted  by  in- 
termittent stirring  will  introduce  no  error  into  adiabatic  measurement  even 
if  accidental  heads  of  0.1°  are  continuously  maintained  for  20  minutes 
or  more  (cf .  Table  III)  and  that  it  may  be  adequately  though  laboriously 
corrected  for,  if  for  any  practical  reason  merodiabatic  systems  under  heads 
of  less  than  1®  are  intermittently  stirred.  It  is  obvious,  however,  that 
in  properly  conducted  merodiabatic  measurement  the  stirring  should  al- 
ways be  continuous. 

Summarizing  the  practical  results  of  these  stirring  experiments,  it  ap- 
pears that  in  protracted  adiabatic  measurement,  slow  continuous  stirring 
and  intermittent  stirring  at  any  convenient  rate  are  equally  permissible. 
Intermittent  stirring  possesses  the  obvious  advantage  of  developing  less 
heat,  and  consequently  of  introducing  into  measurement  smaller  errors 
due  to  change  of  speed.  It  also  diminishes  leakage  between  the  calorim- 
eter and  the  outer  environment  when  reciprocating  stirrers  are  used,  and 
is  more  convenient  in  measurements  which  necessitate  a  rapid  transition 
from  vigorous  to  sHght  stirring.  With  continuous  stirring  maintained 
at  like  speed  for  the  same  time  these  advantages  are  secured  only  by 
synchronous  regulation  of  motor  speed  and  faultless  transmission,  or  by 
more  frequent  observations  of  change  in  the  rate  of  stirring  and  a  more 
minute  correction  for  its  variability,  by  more  careful  insulation  and  cor- 
rection for  leakage  to  and  from  the  outer  environment,  and  by  the  use  of 
devices  for  quick  readjustments  of  stirring  speed,  such  as  stepped  pulleys 
or  gear  clutches.  Intermittent  stirring  is  therefore  safer,  excepting  when 
elaborate  and  smoothly  working  mechanisms  are  available  for  speed  con- 
trol and,  when  stirring  is  reciprocating,  for  the  regulation  of  outer  en- 
vironmental temperatures;  or  unless  with  continuous  stirring  a  lower 
speed  is  effective.  Experience  suggests  that,  all  things  considered,  a 
continuous  stirring  imder  precise  control  is  preferable  for  exact  protracted 
adiabatic  measurement,  tmless  the  reaction  period  exceeds  10  or  12  hotu^, 
or  unless  the  total  change  of  temperature  is  very  small.  Under  the  latter 
conditions,  slow  intermittent  stirring,  which  may  be  so  conducted  that 
negligible  heat  is  developed  even  in  very  protracted  measurement,  appears 
to  be  advisable. 

Direct  Leakage  between  Calorimeter  and  Outer  Environment 

By  approximate  calculation  from  the  known  dimensions  and  thermal 
conductivities  of  those  parts  of  the  present  system  which  passed  directly 
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from  the  calorimeter  to  the  outside  air,  it  was  estimated  that  its  leakage 
into  an  outer  environment  1^  higher  would  be  about  0.30  gram-calorie 
per  hour,  corresponding  to  a  temperature  change  of  0.00023*^  per  hour, 
per  degree  thermal  head.  This  leakage,  if  not  corrected  for,  would  cause 
in  a  measurement  of  10  hours'  duration,  conducted  at  a  mean  environmental 
temperature  1**  higher  or  lower  than  the  calorimetric,  a  constant  error 
of  0. 002®.  It  seemed  desirable,  therefore,  to  check  the  none  too  depend- 
able estimate  of  its  value  by  actual  determination. 

Since  it  was  intended  always  to  eliminate  this  leakage,  rather  than  to 
correct  for  it,  its  maximal  value  alone  was  sought;  and  for  this  reason  the 
less  eflfectively  insulated  open  calorimeter  was  used  for  the  tests.  The 
system  was  first  brought  to  equilibrium  close  to  20°  under  the  usual  con- 
trols, and  the  heat  of  continuous  stirring  at  the  maximal  rate  of  56  strokes 

Tabls  IV 
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i^         «§d  g        Is^    .-23  L  If 


» 


6       did      SIS  6         -dSg      S'Sg'         gS  *§  S 


Min.  «C.  •C.  'C. 

g6      120       19.680       19.87         -f0.19  +0 

P7        60       19.676       12.64         -7.14  -21  ...  -29 

g8        60      19.694       11.17         -8.52  +402  -72 

gg        70      19.773       19.69        -0.08  +462 

100        60       19.905      24.87         +4.96  +486  +48 

wi       100      19.932      26.28         +5.33  +11  ...  +20 

Mean  values:  =*=25  =^60  ^ 

Mean  leakage  by  pumping  alone:      =^36 
The  leakage  coefficients  for  conduction  are  consistent  within  measurement  error 
(<'^ 0.0005).     Those  for  pumping  are  not  so.    The  latter  effect  seems  to  be  acceler- 
ated with  increase  of  thermal  head,  as  would  be  expected, 

per  minute  determined.  The  temperature  of  the  surrounding  air  was  then 
brought  down  to  1 1  °  and  the  rate  of  temperature  change  within  the  calorim- 
eter was  measured  while  it  was  stirred,  first  very  slightly  and  intermit- 
tently and  then  continuously  at  the  niaximal  rate.  The  whole  procedure 
was  then  repeated  with  the  surrounding  air  at  26**.  The  data  so  obtained, 
corrected  for  all  significant  thermal  disturbances,  are  shown  in  Table 
IV.  They  confirmed  in  a  striking  (and  probably  fortuitous)  manner  the 
results  of  previous  calculation,  and  showed  also  that  the  environmental 
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control  established  (p.  902)  was  necessary  but  sufficient  to  prevent, 
in  measurements  made  in  the  determined  manner,  the  introduction  of 
constant  error  either  by  conduction  leakage  or  by  pumping  of  air  from 
calorimeter  to  outer  environment.** 

Leakage  between  Closed  Calorimeter  and  Bath 
The  most  instructive  of  the  present  measurements  were  those  of  thermal 
leakage  through  the  insulating  air  spaces  between  calorimeter  and  bath. 
Among  them,  those  least  affected  by  thermal  disturbance  were  measure- 
ments made  with  the  closed  calorimeter  in  water-free  gaps.  The  carefully 
sealed  vessel  was  enclosed  successively  in  dry  air  spaces  10,  20  and  40 

Table  V 
Leakage  Between  Closed  Calorimeter  and  Bath 

Series  I 
All  Leakage  Values  in  Degrees  per  Minute  X  10^ 


Experi- 

Extreme 

Thermal 

Hxpen- 

mental 

varia- 

Values 

Gap 

Head 

Duration  mental 

weighted 

tion  from 

determined 

Width 

of  bath 

Expt. 

min. 

values 

mean 

the  mean 

graphically 

Mm. 

•C. 

*»C.  XIO^ 

*»C.  XIO* 

''C.  XIO* 

**C.  XIO* 

All  values  are  * 

All  values  are 

* 

10 

0.05 

3 

70 

+   11 

12 

(+12 

— 13 

0.10 

4 

70 

-f  26 

26 

=*=0 

+?S 

9 

60 

-  28 

— 26 

0.20 

6 

10 

104 

50 
40 
40 

+  69 
-  66 
+  69 

65 

+4 

{±S 

0.40 

8 
II 

40 
40 

+116 
-118 

117 

=*=1 

(+117 
{-117 

OM 

165 

50 

+189 

184 

+6 

+  184 

1.00 

163 
181 
182 

50 
30 
30 

-281 
-280 

+282 

281 

=fcl 

(+281 
1-281 

"  Leakage  coefficients  like  those  of  Table  IV  may  be  used  with  convenience  to  check 
the  accuracy  of  measurements  affected  by  accidental  fluctuations  of  environmental 
temperatures.  They  might,  obviously,  be  used  as  correction  factors,  so  that  the  calorim- 
eter could  be  operated  in  an  uncontrolled  outer  environment;  but  this  pit>cedure  would 
be  less  convenient  than  the  use  of  the  controlled  environment,  and  less  safe.  Even  in 
the  case  of  slow  measurements  which  involve  a  large  change  of  temperature,  the  occa- 
sional readjustment  of  the  closet  thermostat  r^^ulator  (to  keep  the  environmental 
temperature  always  within  the  permissible  range  for  negligible  leakage)  win  be  easier 
than  maintenance  of  an  isothermal  environment,  and  correction  for  leakage  into  it. 

The  smallness  of  the  heat  loss  which  resulted  from  a  very  vigorous  pumping  by  the 
reciprocating  stirrers,  disposes  of  the  last  possible  objection  to  the  use  of  this  tjrpe  of 
mechanism.  It  has  already  been  shown  that  Variations  in  the  rate  of  devek>pment  of 
stirring  heat  caused  by  mechanical  irregularities,  which  have  been  assumed  to  be  char- 
acteristic of  these  stirrers,  are  easily  prevented  (p.  909).  Inasmuch  as  the  recipro- 
cating stirrer  possesses  many  unique  advantages  in  practice  (Ref.  1,  pp.  1915-1916) 
its  effective  insulation,  thus  demonstrated,  is  a  matter  (^  no  small  oonoem. 
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20 


40 


0.10 

iSi 

42 

+  18 

16 

^S              \ 

(+14 
[-15 

152 

40 

-  12 

0.20 

IS5 

153 

30 
40 

H-  31 
-  32 

32 

+1              1 

(+82 
—32 

OM 

156 
154 

30 
40 

+110 
-113 

112 

+2              j 

+  111 
—118 

0.90 

I7S 

43 

+169' 

176 

-^              1 

+  176 
—174 

1.00 

i6z 

40 

+186* 

196 

-9 

+197 
193 

1.10 

179 
i8o 

31 
40 

+226* 
-213 

216 

+9 

+219 
—213 

0.10 

14 
19 
24 
64' 

102 

68 
60 
40 
60 
40 

(+    4)* 
+  12 
-  10 
+  10 
+  10 

11 

"=1               1 

[+10 
—12 

0.15 

i8 

60 

+  16 

16 

1 

[+16 
— 19 

0.20 

15 

40 

+  30 

26 

+6 

+§J 

20 

40 

+  30 

1—26 

25 

60 

-  26 

65 

40 

+  27 

0.30 

30 

40 

+  46 

40 

+6 

+39 
—41 

0.40 

j6 

22 
26 

67 
103 
139 

60 
40 
60 
43 
40 
60 

+  66 

(+  5oy 

-  60 

+  61 

.    +  68 

+  62 

67 

+6 

+  56 
—58 

0.60 

21 

40 

+  92 

97 

-6              1 

+96 
—87 

0.80 

28 

70 

+143 

142 

+4              j 

+143 

33 

40 

-142 

t— 142 

140 

60 

+146 

1.00 

27 

40 

+197 

194 

+3              j 

+194 
— 194 

34 

60 

-.194 

1.20 

29 

38 

+244 

260 

-6 

+250 

*  A  comparison  of  the  experimental  values  and  those  graphically  determined  will 
indicate  the  degree  to  which  the  curves  were  "smoothed  out"  in  plotting.  The  weighted 
mean  was  found  by  a  critical  examination  of  all  immediate  data;  and  excepting  where 
single  points  were  but  once  determined,  without  reference  to  the  curve.  It  will  be  seen 
that  the  values  graphically  determined  agree  very  well  with  the  weighted  mean  values. 
Each  extreme  variation  from  this  mean  therefore,  is  greatly  in  excess  of  the  probable 
error. 

^  This  value  shows  a  result  of  capillary  friction. 

'  These  values  were  all  affected  by  large  calibration  corrections  which  changed 
the  values  to  which  they  were  applied  by  amotmts  about  twice  as  great  as  the  usual 
divergences  between  them  here  recorded.  Of  these,  Nos.  161,  178  and  179  were  also 
affected  by  time  reading  errors. 

The  bracketed  values  were  not  considered  in  reading  variations  from  the  mean. 

Expts.  64, 66  and  67  were  made  with  an  initially  saturated  air  gap,  which  contained, 
however,  no  free  water.  The  measurements  were  made  with  various  assemblages 
in  which  the  calorimeter  surfaces  were  at  times  highly  reflecting,  at  others  perceptibly 
dull,  between  January  8  and  May  10,  1921. 
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mm.  wide;  and  with  each  of  these,  the  thermal  leakage  under  several 
constant  heads  between  =4=0.06*'  and  =*=1.20*^  (cf.  p.  914)  was  deter- 
mined for  intervals  of  from  30  to  120  minutes.** 

The  complete  data  are  given  in  Table  V,  and  the  corresponding  leakage 
curves  in  Fig.  3.  It  is  apparent  that  convection  here  causes  a  surprisingly 
small  divergence  from  Newton's  law,  even  with  the  widest  gap  under 
its  greatest  temperature  gradient,  and  that  this  Is  the  same  for  leakage 
in  both  directions.  It  follows  at  once  that  with  the  closed  calorimeter 
all  these  gaps,  even  the  widest,  may  be  safely  used  in  any  adiabatic  de- 
termination*® conducted  according  to.  the  procedure  already  adopted, 
even  under  rough  control.'^    But  another  consequence  is  of  much  greater 

'*  The  most  precise  determinations  were  made  in  groups  of  4  to  8,  always  preceded 
and  followed  and  occasionally  interrupted  by  hour-long  tests  of  the  behavior  of  the 
system  under  isothermal  conditions,  and  were  thus  proved  to  be  una£fected  by  any 
influences  other  than  the  thermal  heads.  The  results  so  obtained  were  checked  by 
sepcuate  measurements  scattered  throughout  the  whole  period  of  experimentation; 
which  showed  not  only  that  the  original  procedure  involved  no  accidental  errors  of  any 
consequence,  but  that  the  surface  changes  incident  to  long-continued  manipulation 
were  insufficient  to  affect  the  constancy  of  radiation  leakage  for  a  given  head. 

In  the  first  determinations,  the  calorimeter,  for  lack  of  adequate  mechanisms  for 
stirring  speed  control,  was  stirred  intermittently;  and  correction  was  subsequently  made 
for  the  small  errors  of  lag  thus  introduced,  by  later  and  very  precise  determinations  in 
which,  under  conditions  otherwise  identical,  stirring  was  both  intermittent  and  con- 
tinuous (p.  914).  The  results  of  these  later  measurements  are  given  in  Table  III, 
but  not  in  Table  V,  since  because  they  were  carried  out  with  a  reconstructed  and 
replated  calorimeter,  they  were  not  strictly  comparable  with  the  preceding.  Considered 
as  a  sepcuate  set  of  values,  their  relations  are  in  complete  accord  with  those  of  Table  V. 

In  a  few  measurements  the  calorimeter  was  imperfectly  sealed  and  showed  evapora- 
tion leakages  in  the  equilibrium  tests,  which  were  nearly  constant  for  any  group  of 
determinations  and  were  thus  safely  corrected  for.  In  all  measurements  temporary 
irregularities  were  detected,  and  all  errors  of  transmission  lag  were  quite  eliminated  by 
determining  the  partial  leakage  rates  at  10-minute  intervals  and  by  selecting  for  record 
only  those  ranges  over  which  the  flow  was  constant  within  thermometric  error.  The 
careful  selection  of  well  determined  end  temperatures  (Ref.  4),  the  checking  of  suspected 
results  by  calculation  of  leakage  over  overlapping  segments  of  the  total  range,  and  the 
fixing  of  initial  and  final  temperatures  by  two  or  more  readings  at  1-minute  intervals, 
often  reduced  thermometric  error  closely  to  the  least  personal  error  of  observation; 
while  the  duration  of  the  measurements  made  its  influence  upon  the  precision  as  small 
as  was  desirable  or  practical.  The  calibrated  temperature  readings  were  invariably 
corrected  in  ten-thousandths  of  a  degree  for  stirring  heat,  for  excess  leakage  between 
calorimeter  and  bath,  for  leakage  to  and  horn  the  outer  environment,  and  for  exposure 
of  the  thermometer  threads.  The  stun  of  these  corrections  rarely  exceeded  0.001*,  and 
thus  included  no  significant  errors.  Time-reading  errors  were  negligible  excepting  in 
measurements  of  the  greatest  leakages. 

The  aggregate  temperature  range  was  19.3  °  to  20.6®.  Within  this  range,  as  duplicate 
determinations  showed,  change  of  mean  temperature  had  no  measurable  effect. 

Throughout  the  whole  series  there  was  no  evidence  of  exceptional  behavior. 

«»  A  fact  predicted  by  White  3  years  ago  [This  Journal,  40, 388  (1918)  J. 

*'  Ref.  1,  p.  1920/.      The  present  curves  show  that  with  the  wider  gaps  tht  to%kagf 
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practical  importance.  The  leakage  through  the  widest  (40  mm.)  gap 
is  so  very  small  that  with  it,  if  the  outer  environmental  and  bath  tempera- 
tures be   made   to  fluctuate   with   fair   regularity,   respectively   within 


Fig.  3. — Thermal  leakage  between  dosed  calorimeter  and  bath:  relation  to  thermal  head. 

=*=  0 .  02  ®  and  =*=  0 .  01  **  of  the  calorimetric  temperature,  it  is  possible  to  main- 
tain for  hours  a  condition  which  with  respect  to  final  leakage  effect  is 
equivalent  to  strict  adiabaticity.'*  It  is  not  necessaiy,  however,  to  main- 
is  measurably  proportional  to  thermal  head  for  bath  fluctuations  as  great  as  =^0.10**. 
The  influence  of  the  heat  capacity  of  the  air  gaps  and  of  all  transmission  lags  is  negli- 
gible (see  Refs.  16, 17). 

>s  Under  a  head  of  0.2°  continuotisly  maintained,  leakage  to  or  from  the  outer 
environment  will  approximate,  with  assemblages  similar  to  that  here  used,  0.6  gram- 
calorie  in  10  hotu^  (Table  IV  and  Ref.  11),  and  under  a  constant  bath  head  of  0.01*, 
leakage  through  the  jackets  will  be,  in  the  same  time,  8.2  gram-calories  (Table  V,  etc.). 
In  the  present  experiments  the  corrections  for  this  aggregate  leakage  effect  during  1  hour 
or  more  were  repeatedly  reduced  to  0.2  gram-calme  and  often  to  less  than  0.1  g.-cal.  ' 
by  maintaining  fluctuating  external  temperatures.  With  calorimetric  S3rstems  of  1000 
g.-cal.  units  capacity,  this  leakage  corresponds  to  a  temperatture  change  of  not  more 
than  0.0002*.  There  is  no  reason  why  it  should  be  much  greater  during  kmger  periods 
of  time. 
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tain  such  careful  control;  since,  even  if  only  ordinary  precautions  be  ob* 
served,  the  leakage  will  surely  be  less  than  one  calorie,  and  the  errors  of 
its  estimation  quite  negligible.  Qf  nearly  eq|ial  interest  is  the  relation 
shown  by  these  curves  between  total  leakage  and  gap  width.  This  is 
brought  out  more  clearly  by  the  graph  of  Fig.  4.  The  effectiveness  of 
the  air  insulation  increases  less  rapidly  for  a  given  increase  in  width  as 
the  gap  becomes  wider,  in  such  wise  that  optimum  insulation  for  small 
thermal  heads  is  practically  reached  at  the  40mm.  gap  width.      It   is 


*jOOI70 


"20  W         40~ 

GAP  WIDTHS,  IN  MILLIMETERS 

Pig.  4.^Themial  leakage  between  closed  calorimeter  and 
bath — relation  to  gap  width. 

clear,  therefore,  that  in  adiabatic  calorimetry  there  will  be  no  significant 
advantage  in  using  gaps  of  greater  widths  than  this,  excepting  with  very 
large  calorimeters. 

An  analysis  of  the  several  thermal  eflfects  involved  in  this  leakage 
yields  interesting  results.  Of  the  three  factors  of  thermal  leakage,  con- 
duction and  radiation  vary  directly  as  the  thermal  head  (for  the  small 
ranges  here  involved),  while  convection  varies  more  rapidly.  If,  there- 
fore, (in  Fig.  3)  straight  lines  be  drawn  tangent  to  the  ciu^es  of  total 
leakage  at  their  origins,  the  ordinate  distances  between  these  lines  and 
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the  corresponding  curves  measure  the  convection  leakage.  In  the  present 
instance,  the  convection  leakages  were  thus  determined,  the  tangents 
being  drawn  through  the  origins  and  the  determined  points  at  0.05^ 
head  on  each  curve."  It  was  thus  discovered  that,  while  convection 
over  the  whole  range  measured  increased  more  rapidly  than  the  thermal 
head,  the  rate  of  increase  in  all  cases  diminished  with  increase  in  head. 
The  initial  rate  of  increase  was  smaller  and  the  rate  of  its  diminution 
was  greater,  the  smaller  the  gap  width.  This  general  behavior,  hardly- 
perceptible  to  the  eye  in  the  curve  for  the  40mm.  gap  and  in  the  first  half 
segments  of  the  other  etudes,  is  clearly  apparent  in  the  ctu^e  for  the 
10mm.  gap,  which  shows  distinct  reverse  flexiure  at  about  0.6**  head  and 
becomes  parallel  to  its  tangent  a  little  below  1.0**  head.  The  reversal 
of  the  20mm.  gap  curve  occturs  at  a  head  somewhat  beyond  0.6**  and  is 
less  marked.  It  may  be  presumed  that  the  40mm.  gap  curve  would  show 
similar  flexure  beyond  1.2°  head.  Thus,  with  increase  of  thermal  head, 
the  curves  of  the  several  gaps  diverge  less  and  less.  An  interesting  con- 
sequence of  this  behavior  is  that  at  about  1.0**  head,  the  total  leakage 
through  the  20mm.  and  40nmi.  gaps  is  the  same  (Fig.  3).  The  quanti- 
tative relations  are  shown  in  Tables  VI  and  VII.**  From  Table  VI  it 
is  apparent  that  with  the  40mm.  gap,  convection  varies  over  nearly 
the  whole  range  as  the  square  of  the  thermal  head,  exactly  within  meas- 
urement error;  but  that  with  the  10-  and  20mm.  gaps,  it  varies  respec- 
tively as  the  mean  1.4  and  1.8  powers  of  the  head.  The  relations  of 
convection  leakc^  to  gap  width  are  better  shown  in  Table  VII.  It  is 
there  made  evident  that  at  small  heads  the  convection  tends  to  decrease, 
while  at  greater  heads  it  increases  with  increase  in  gap  width.  Broadly 
speaking,  at  0.2*^  head  the  convection  varies  inversely  as  the  square 
root,  and  at  1 . 0**  head  directly  as  the  */i  power  of  the  gap  width;  and  the 
data  indicate  that  at  greater  heads  the  convection  varies  with  an  acceler- 
ated rate  of  change  as  higher  powers  of  the  gap  width.  With  reference 
to  previously  determined  leakages  under  greater  thermal  heads  than 

"  The  curves  were  all  measurably  linear  up  to  this  head.  When  tangents  were 
constructed  through  points  0.0001^  lower  on  the  0.05*  ordinate,  they  stood  away  from 
the  curve  and  were  perceptibly  too  low;  and  when  they  were  drawn  with  half  this  diver- 
gence (the  probable  error  of  construction),  the  essential  relations  hereafter  summarized 
were  not  significantly  affected.    (Tables  VI,  VII  and  VIII.). 

*^  In  the  calculations,  the  convection  leakages  were  all  corrected  for  variation  of  the 
actual  air  gap  widths  from  exact  dimension,  on  the  basis  of  the  relations  exhibited  by  the 
actual  data  (Table  V)  and  in  accordance  with  the  assumption  that  convection  per  unit 
effective  area  was  twice  as  great  in  the  basal  as  in  the  lateral  gaps.  Cf .  White,  Ref .  35, 
p.  755.  This  correction  involved  necessary  assumptions,  especially  with  respect  to  the 
magnitudes  of  the  convections  from  the  vertical  surfaces;  but  when  these  were  such  as  to 
make  the  corrections  maximal,  the  original  values  were  not  affected  beyond  the  range  of 
possible  experimental  error.  The  corrections  of  convection  leakage  for  dimension  were 
thus  considered  negligible. 
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*  The  total  leakage  values  are  affected  by  corrections  for  intermitteiii  stirrtns  lags 
(cf.  TaUe  III).  If  these  be  not  applied,  the  rdative  values  of  x  above  wiH  be  thesame 
as  those  determined  on  the  assumption  that  the  lag  is  proportional  to  thermal  head,  and 
will  have  the  following  successive  values:  For  the  IQmm.  gap:  1.87,  1.50,  1.64,  1.63, 
1.37,  0.82;  for  the  20mm.  gap:  2.00,  1.81,  1.74,  1.76,  1.62,  1.37;  for  the  40iiim.  gap: 
2.12,  2.00,  2.10,  1.97,  1.96,  1.84.  The  inferences  drawn  from  the  data  will,  therefofe. 
not  be  affected  by  doubt  in  omsequence  of  possible  errors  in  the  estimation  of  la^. 

^  The  actual  convection  leakages  here,  L—(Cd  +  !?)•»•.,  are  not  recorded.  The 
conduction  and  radiation  leakages  determined  by  the  tangent  constructions,  (Cd  +  !{)•»•., 
were  corrected  for  variation  from  exact  dimension  (so  as  to  represent  this  leakage  for 
gaps  exactly  10,  20,  and  40  mm.  wide)  on  the  supposition  that  conduction  was  uniform 
and  normal  to  the  calorimetric  surfaces.  This  neglect  of  "end  effects"  introduced  no 
significant  error  into  the  small  corrections;  and  since  the  dimensional  error  had  no 
measurable  effect  on  the  convecti<m  leakage,  the  adjusted  values  of  the  convection  were 
determined  with  suffidentpredsicm  as  L—  (Cd  4-  R)9»rr.  The  final  rdations  detemuned 
apply,  therefore,  within  measurement  error  to  gi^  of  exact  10, 20  and  40mm.  dimension. 

TabuiVII 

Convection  Leakage  between  Closed  Cai/>rimeter  and  Bath 
Relation  to  Gap  Width 

Thermal        Gap    Convection  Leakages  y 

Head        Width      [Prom  Table  V]  in  the  relation:  Cvi^S^ 

Degrees  per  minute 

„  «  ^^  For  the  Porthe  Por  the 

li  ^  Cf|  10-  and  Mmm.    20-  aiMl  40mni.  10-  and  40mai. 

•C.  Mm.  cap*  gaps  gaps 

0.20  10  =*»  6  -0.59 

20  4  2-  -0.50 

40  3  -0.41 

0.30  10  11  -0.29 

20  9  6  -0.31 

40  7  -0.33 

0.40  10  18  -0.26 

20  16  //  -0.24 

40  13  -0.21 

0.50  10  26  -0.24 

20  22/7  -0.16 

40  21  -0  07 

0.60  10  36  -0.31 

20  29  23  -0.06 

40  33  +0  19 

0.80  10  42  +0.09 

20  45  J7  +0.16 

40  54  +0.23 

1.00  10  85  +0.70 

20  57  47  +0.63 

40  84  +0.56 

•  Figures  in  italics  refer  to  the  adjusted  tangent  ordinates  of  the  20mm.  gap  (Ref.  42). 
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these,*  this  whcrfe  behavior  seems  sufficiently  strange  to  appear  question- 
able in  the  absence  of  complete  assurance  as  to  the  sufficient  precision  of 
the  data.  When  this  precision  is  not  too  favorably  estimated,  it  appears 
that  the  falling  off  in  the  acceleration  of  the  convection  with  increase  of 
head  is  undoubtedly  real;  and  that  the  initial  diminution  of  convection 
with  increase  of  gap  width,  while  not  rigorously  proved,  appears  to  be  prob- 
able— or,  more  definitely,  that  the  absence  of  any  measurable  increase  of 
convection  with  gap  width  at  the  smaller  heads  is  certain.**  The  phe- 
nomena as  a  whcde  suggest  that  two  effects  are  operative  here  in  retarding 
the  convection,  which,  if  normal,  would  increase  continuously  both  with 
thermal  head  and  with  gap  width.  One  of  these  increases  with  thermal 
head,  and  at  any  given  head,  is  greater  in  the  narrower  gap;  the  other 
has'  its  greatest  relative  effect  when  the  head  is  very  small,  and  increases 
with  gap  width.  The  present  data  are  insufficient  to  support  any  definite 
statement  as  to  their  probable  causes.'^    It  suffices  to  remark  the  fortu- 

»  White.  Phys.  Rev,,  10, 750-751  (1917). 

**  The  probable  error  oi  each  determined  leakage  is  not  greater  than  0.001*  in  50 
minutes,  or  0.00002®  per  minute.  This  value,  which  is  twice  the  thermometric  reading 
error,  and  approximates  that  of  temperature  range  determination,  might  in  this  case  be 
assumed  a  priori.  It  is,  however,  vouched  for  by  the  concordance  of  duplicate  measure- 
ments for  almost  every  leakage.  These  show  an  extreme  variability  from  the  mean  of 
from  0.00001®  to  0.00006®.  which  averages  0.000035®  per  minute  for  all  heads  less  than 
1®  (Table  V) ;  and  their  separately  weighted  averages  are  confirmed  within  0.00001®  per 
minute  by  the  independently  constructed  curves,  which  in  their  smoothing  out  merely 
define  those  possible  values  for  each  head  which  represent  a  condstent  continuous 
variability  of  leakage  with  increase  of  head. 

This  measurement  error  only  could  make  doubtful  the  variability  of  leakage  with 
increase  ^of  head  (Table  VI),  since  error  in  the  determination  of  the  curve  tangent  is 
prcqxntional  to  the  head*  and  the  stirring  lag  correction  is  certainly  proportionally  no 
greater  at  high  heads  than  at  low.  If  it  be  applied  to  the  convection  leakages  of  the  two 
narrower  gaps  so  as  to  produce  in  each  case  its  maximum  possible  effect  in  compensating 
the  observed  diminution  of  convection  rate  with  increase  of  head  («.  e.,  if  in  each  case  it 
be  added  to  the  greater  and  substracted  from  the  less  of  the  convection  rates  at  hi|^  and 
tow  heads)  this  diminution  persists  in  the  10mm.  gap  leakage,  and  is  on  the  average 
barely  compensated  in  the  20mm.  gap  leakage. 

An  analagous  application  of  the  maximal  measurement  error  to  the  determined 
variability  of  convection  leakage  with  increase  of  gap  width  (Table  VII)  results  in  an 
exact  compensation  of  the  observed  diminution  at  0.4®  head.  At  greater  heads,  ob- 
viously, the  effect  is  less:  at  smaller  heads  it  is  indeterminate,  since  the  leakages  them- 
selves are  of  similar  magnitude  and  are  highly  uncertain;  although  the  dependability  of 
their  approximate  relations  is  vouched  for  by  the  general  consistency  of  the  complete 
data.  This  variability,  therefore,  is  also  unaffected  by  error  of  observation.  The 
possibifity  of  its  invalidation  by  error  in  the  tangent  constructions  (which  define  inde- 
pendently for  each  gap  the  mean  convection  leakage)  is  shown  further  on  to  be  negligible 
(Ref.  42). 

It  thus  appears  almost  certain  that  both  variabilities  are  real. 

''  The  phenomena  appear  less  extraordinary,  however,  if  possible  causes  be  im- 
agined.   The  first  effect  might  result  from  a  retarding  turbulence  caused  by  the  con- 
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nate  circumstance  that  both  effects  are  calorimetrically  advantageous, 
since  they  obviously  occasion  the  small  divergence  of  the  total  leakage 
relations  from  Newton's  law  already  noted. 

Simultaneously  with  the  convection  leakage,  that  of  radiation  and  con- 
duction together  had  been  determined.  To  separate  these  two  leakages 
it  was  necessary  to  estimate  that  of  conduction.  Since  there  is  no  con- 
venient mathematical  procedure  for  such  determination  in  the  case  of  com- 
pletely enclosed  systems,  the  conduction  leakage  was  found  experimentally. 
Advantage  was  taken  of  the  fact  that  the  distribution  of  temperature 
throughout  a  space  bounded  by  two  closed  isothermal  surfaces  is  similar 
to  the  distribution  of  potential  within  the  same  space  bounded  by  equi- 
potential  surfaces.'*  It  follows  from  this  that  for  any  particular  system, 
the  heat  flow  for  the  one  condition  is  proportional  to  the  electric  force 
for  the  other,  at  any  point;  and  that  the  total  heat  flow  between  the  iso- 
thermal stuiaces  is  proportional  to  the  electrical  capacity  of  the  same 
system  used  as  a  condenser.  For  the  calorimetric  system,  therefore, 
the  heat  conduction  per  degree  temperature  head  is  ^irCk/K,  where  C  is 
the  electrical  capacity  in  centimeters,  K  the  dielectric  constant  (=1 
for  air,  as  in  the  present  case)  and  k  the  thermal  conductivity  (in  the  pres- 
ent case  =  0.000058  for  air  at  20®);**  the  factor  4t  being  necessary  to 
reduce  the  electrical  capacity  to  equivalent  units.*® 

The  electrical  capacity  of  the  present  40mm.  gap  system  (that  in  which 
the  ''end  effects"  were  greatest)  was  determined  in  the  radio  laboratory 
of  Columbia  University  by  the  method  of  substitution  in  a  resonant 
circuit  loosely  coupled  with  a  high  frequency  generator.  It  was  found  to  be 
24  micro-micro  farads  or  21 . 5  cm./^  and  jdelded  the  value  0.0156  gram- 
figuration  of  the  gap,  which  is  more  than  slightly  modified  by  the  presence  of  theneoessary 
chimneys  and  supporting  frame  of  the  caknimeter.  Such  turbulence  would  be  likely 
tx>  be  greater  at  greater  heads  and  in  the  narrower  gaps.  The  second  e£fect  might  be 
caused  by  irregular  distribution  of  heat  on  the  jadcet  wall.  This  would  occasion  slight 
convection  currents  roughly  parallel  to  the  surfaces,  which  would  tend  to  cause  a  general 
drifting  of  air  across  the  normal  stream  lines.  Its  e£fect  would  be  noticeable  only  in  gaps 
of  sufficient  width,  but  would  be  compensated  by  the  increase  of  normal  convection  with 
increase  of  gap  width ;  and  smoe  it  would  be  independent  of  the  head,  it  would  be  notice- 
able only  under  small  heads.  A  like  e£fect  might  perhaps  be  produced  by  protracted 
transmissbn  lags,  which  would  be  greater  at  smaller  heads  and  in  wider  gaps,  but 
whidi  would  be  similarly  compensated. 

*"  This  of  course  is  a  special  instance  of  a  more  general  analogy. 

«  £.  Mueller,  Wied,  Ann..  60, 82  (1897). 

^  This  relation  is  very  clearly  seen  in  the  simple  case  of  a  system  of  two  parallel 
areas  on  infinite  plane  surfaces.  Here,  heat  conduction  per  degree  temperature 
head>"(i4/ii)ib,  and  electrical  capacity  •-(il/4)JSr  -f-  4r,  where  A  is  the  area  of  each 
surface  and  d  the  distance  between  the  two  (in  centimeters) ;  whence  the  heat  ooa- 
duction  per  degree  temperature  head-4xC  (^/K)  (calories  per  second,  when  C  is  the 
capacity  in  centimeters). 

<i  The  separate  measurements  made  with  di£Ferent  dispositions^of  the  intaraal  leads 
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calorie  per  second,  corresponding  to  0 .  00076  ^  per  minute  for  the  conduction 
leakage,  and  0.0070  gram-calorie  per  second,  or  0.00034°  per  minute  for 
the  radiation  leakage.  This  radiation  leakage,  assumed  to  be  the  same  in 
every  meastu-ement  made  under  1  ®  head  and  to  vary  like  the  conduction 
proportionally  with  the  head,  then  jrielded  the  complete  series  of  cdnduc- 
tion  leakages;  and  in  combination  with  the  other  data  of  measurement, 
the  ratios  of  convection,  conduction  and  radiation  leakage  under  all  of 
the  established  conditions.  The  complete  data  are  given  in  Table  VIII.** 
The  leakage  ratios  there  given  bring  out  very  clearly  the  calorimetric 
advantage  of  the  wide  (40mm.)  gap.  With  this  gap  the  conduction  leak- 
yielded  the  values  25.0,  24.0,  23.3,  24.4  m.m.f.  The  accuracy  of  measurement  seems  to 
be  considerably  better  than  5%  and  might,  without  doubt,  be  improved,  were  a  closer 
approximation  necessary. 

It  b  dear  that  the  above  procedure  furnishes  a  convenient  method  for  deter- 
mining the  thermal  conductivity  of  any  closed  insulating  space,  whatever  its  configura- 
tion. 

Since  the  calorimeter  here  used  was  of  typical  form  (a  cylinder  of  which  the  height 
is  about  three  times  the  radius)  and  since  the  air  gaps  surrounding  it  were  nearly  sym- 
metrical, the  data  obtained  may  serve  to  define  an  empirical  rule  for  the  approximate 
estimatkm  of  conductance  in  simslar  sjrstems.  The  conductance  of  the  40mm.  gap 
sjrstem  was  0.93  times,  and  that  of  the  10mm.  gap  system  was  0.S7  times  the  ooQductance 
of  two  plane  areas  on  infinite  plates  the  gap  width  apart,  each  equal  to  the  total  surface 
of  a  cylinder  having  the  mean  radius  and  height  of  the  gap  surfaces.  With  close  ap- 
proximation then,  the  conductance  of  a  closed  cylindrical  system  of  the  most  convenient 
form  (in  which  the  height  of  the  calorimeter  is  about  three  times,  and  the  uniform  gap 
width  no  greater  than  'A  of  the  calorimeter  radius)  may  be  very  quickly  computed  with 
reference  to  this  cylinder  of  mean  dimensions.    For  all  such  systems,  the  conductance 

under  1*  head  =0.9 k  calories  per  second,  where  R  and  H  arc  the  mean 

d 

radius  and  height  of  calorimeter  and  jacket  and  d  the  gap  width  in  centimeters,  and 

where  k  is  the  thermal  conductivity  of  the  la^ilating  material. 

The  writer  desires  in  this  place  to  acknowledge  his  great  obligation  to  Professors 
H.  W.  Webb  and  J.  H.  Morecroft  for  their  kindness  in  arranging  for  and  in  carrying 
out  the  electrical  measurements. 

^'  A  valuable  criterion  for  the  correction  of  previous  estimates  of  the  combined 
radiation  and  conduction  leakages  was  provided  by  the  calculation  of  minimal  values 
for  the  conduction  leakages.  On  the  a^umption  that  all  conduction  was  normal  to  the 
surfaces,  and  that  it  varied,  therefore,  inversely  as  the  gap  width  between  basal  surfaces 
and  inversely  as  the  logarithm  of  the  ratio  of  gap  radii  between  the  lateral  surfaces,  the 
minimal  coL'duction  leakages  for  the  several  systems  used  were  calculated  from  the  actual 
gap  dimensions.  They  were  found  to  be  for  the  10mm.  gap,  0.00199^,  for  the  20mm. 
gap  0.00112^  and  for  the  40mm.  gap,  0.00062^  per  minute.  These  minimal  values  were 
consistent  with  the  experimentally  determined  leakages  of  the  10mm.  and  40mm.  gaps, 
but  not  with  those  of  the  20mm.  gap  (Table  VIII).  It  thus  appeared  that  the  tangent 
of  the  20mm.  gap  curve  had  been  drawn  too  low.  The  values  of  the  convection  and 
conduction  leakages  determined  by  it  were,  therefore,  corrected,  wiMn  possible  error  of 
preoious  esHmaHon  (Ref.  33)  by  increasing  its  intercept  at  l**  head  from  0.(X)140^  to 
0.(X)150*  per  minute;  and  this  having  been  done,  the  derived  values  of  the  conduction 
leakages  became  consistent.    These  and  all  corresponding  adjusted  values  are  printed 
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age  at  all  heads  is  reduced  nearly  to  twice  that  of  the  inevitable  radiation; 
while  the  convection  leakage,  which  remains  less  than  that  of  correspond- 
ing conductions  at  all  heads  below  0.  SO'',  becomes  negligible  below  0. 10 
head.  It  follows  that  in  adiabatic  practice  this  air  gap  provides  an  in- 
sulation almost  a  third  as  effective  as  a  perfect  vacuum  gap,  and  thus 
renders  more  or  less  illusory  any  imagined  advantage  to  be  gained  in  adi- 
abatic calorimetry  by  the  use  of  practicable  vacuum  insulations. 

Effects  of  Condensation  of  Moisture  on  Calorimeter  Surfaces 
The  regularity  in  the  behavior  Of  the  closed  calorimeter  with  respect 
to  thermal  leakage,  above  described,  was  conditioned  by  the  maintenance 
of  a  practically  dry  gap.  The  presence  of  even  a  small  quantity  of  liquid 
water  in  the  gap  always  caused  upon  closure  a  rapid  sattuution,  followed 
by  a  long-ccmtinued  rise  in  the  temperature  of  the  calorimeter,  which 
apparently  was  due  to  the  condensation  of  water  upon  it.  This  effect, 
the  extreme  duration  of  which  was  unanticipated,  was  obviously  a  possible 
source  of  very  serious  error  in  measurement,  and  was  examined  with  some 
care. 

The  calorimeter  jacket  cover,  which  like  that  of  the  calorimeter  carried 
extra  apertures  designed  for  use  in  other  meastu^ments,  was  fitted  with 
a  glass  pipet  through  which  water  could  be  quickly  withdrawn  from  the 
calorimeter  at  any  time,  and  with  bent  tubes  through  which  it  could  be 
delivered  into  the  gap  without  wetting  the  calorimeter  surface,  both 
arrangements  being  so  contrived  that  excepting  during  the  half  minute 
of  manipulation,  the  calorimeter  and  gap  would  remain  effectively  insu- 
lated. The  isothermal  condition  having  been  maintained  for  an  hoiu:  or 
more,  water  in  quantity  insufficient  to  affect  measurably  the  heat  capacity 

in  italics  in  Tables  VII  and  VIII.  It  will  be  seen  that  tHey  lead  to  the  same  inferences 
as  the  original  data,  in  all  cases  (cf.  Ref.  36). 

By  a  comparison  of  the  calculated  minimal  values  given  above  with  the  correspond- 
ing experimental  values  of  Table  VIII,  it  will  be  evident  that  the  "end  effects"  occasion 
about  18%  of  the  whole  conduction  leakage  in  the  40mm.  gap  system,  but  are  negligible 
with  the  other  systems.  It  follows  that  for  systems  of  similar  configuration  with  air 
gaps  no  wider  than  20  mm.,  the  conduction  leakage  may  be  calculated  with  a  precision 
sufficient  for  usual  purposes  directly  from  the  gap  dimensions,  on  the  assumption  that  all 
lines  of  heat  flow  are  noraial  to  the  gap  surfaces. 

This  conclusion  was  substantiated,  and  several  errors  of  previous  approximation 
were  checked,  by  a  derivation  of  the  coefficient  of  conductivity  for  air  at  20^  from  the 
adjusted  values  of  the  combined  radiation  and  conduction  leakages  for  the  10-  and 
20mm.  gaps,  and  from  the  ratio  of  the  corresponding  minimal  conduction  leakages 
calculated  from  that  of  the  gap  dimensions. 

Experimentally,  in  degrees  per  minute:  for  the  10-  and  20mm.  gaps  at  1**  head, 
(Cdifi  +  ie)corr.  -0.00246  and  (Ciio  +  R)corT, «  0.00148  (Table  VIII) ;  whence  C^io-  C%» 
"0.00098.  By  calculation  from  corresponding  ideal  dimensions  ^WciIm"0.63. 
Hence  Ciio«0.00208  and  C(iio« 0.001 11  degrees  per  minute;  and  i^to* "0.000057,  in 
both  cases. 
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of  the  system  was  withdrawn  and  quickly  transferred  to  the  gap.  An 
immediate  rise  in  temperature  was  observed,  which  continued  at  a  practi- 
cally undiminished  rate  for  an  hour,  and  which,  after  several  hours,  was 
still  increasing;  it  was,  moreover,  the  same  whether  the  bath  temperature 
fluctuated  about  that  of  the  calorimeter  or  was  held  continuously  below 
it.  It  is  dear  that  this  temperature  rise  could  have  been  due  to  nothing 
but  superficial  heating  caused  by  the  condensation  of  water  on  the  surface 
of  the  calorimeter.  In  the  first  tests,  the  calorimeter  surface,  though 
fairly  clean,  was  not  brightly  reflecting.  It  was  later  thoroughly  cleaned, 
particular  care  being  taken  to  remove'  the  last  traces  of  possible  hygro- 
scopic contamination  and  of  grease.^'  The  test  was  then  repeated:  the 
temperature  effect  was  the  same,  though  diminished.  After  it  had  be- 
come imperceptible,  the  surfaces  were  exposed  and  allowed  to  dry  by  evapo- 
ration. Another  repetition  of  the  test  then  yielded  the  same  result.  In 
later  trials  the  dry  surface  was  slightly  greased  by  a  very  minute  quantity 
of  vaseline,  and  then  completely  covered  with  a  thin  layer  of  vaseline. 
The  effects  were  precisely  similar,  and  with  the  well  greased  surface  were 
measurably  the  same  as  with  the  cleanest.  It  was  thus  made  probable 
that  the  dOfect  was  not  due  to  the  presence  of  chemically  reacting  or  of 
hygroscopic  material  on  the  surface,  and  that  it  could  not  be  prevented 
or  significantly  accelerated  by  attempting  to  reduce  the  magnitude  of 
the  adsorption.  Precisely  similar  effects  were  observed  with  the  open 
calorimeter,  the  surface  of  which  was  dry.  In  a  dry  gap,  its  temperature 
naturally  fell  as  a  consequence  of  evaporation,  but  when  the  gap  was  wetted 
as  in  the  previous  tests  this  thertnal  effect  was  suddenly  reversed.  With 
both  systems  the  entire  effect  was  eliminated  by  wiping  the  calorimeter 
vessel  all  over  with  a  chemically  clean  damp  cloth,  allowing  it  to  stand 
under  a  bell  jar  until  the  surface  showed  very  few  adhering  drops,  and  en- 
closing it  in  a  water-saturated  gap.  It  is  not  certain  that  the  more  rapid 
evaporation  from  adhering  drops  was  significant,  though  the  results  of 
one  or  two  measurements  indicated  this.  The  possibility  of  irregularity 
from  this  cause  would  better,  however,  be  thus  avoided. 

The  character  and  magnitude  of  these  effects  are  shown  in  Table  IX. 
These  data  indicate  that  very  serious  errors  are  likely  to  occur  in  calori- 
metric  meastu'ement  when  dry  calorimeter  surfaces  are  placed  in  wet  gaps, 
and  point  specifically  to  the  dangerous  disturbances  which  may  result 
from  gasket  leakage,  or  from  accidental  spattering  of  calorimeter  water 

^'  The  apparently  dean  surfaces  were  rubbed  and  washed  with  benzene,  then  with 
pure  soap,  scrubbed  with  clean  wet  cloths  and  thoroughly  drenched  with  greaae-free 
distilled  water.  They  were  afterward  rubbed  with  chemically  dean  doth  saturated 
with  alcohol,  washed  with  alcohol,  again  drenched  with  water,  and  dried  in  dust-free  air. 
The  last  adhering  water  film  gave  no  indications  of  the  presence  of  grease,  and  the  finally 
dry  surface  was  brightly  reflecting  and  apparently  untarnished.  The  deaned  calorim- 
eter was  kept  under  a  bell  jar  and  was  invariably  handled  with  a  dean  doth. 
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TablbIX 

EVPSCTS  OP  CONDBNSATION  OP  MOISTDRift  ON  CaLORDC^TBR  SxTRPACSS 

Total  heat  of 
Rate  of  Rates  of  temperature  adsorption: 

initial  change  caused  by  roughly  calc. 

Condition  temp,  fall  condensation  from  the  pre- 

of  calorimeter         due  to  After       After  ceding  data 

Bxpt.  surface  evaporation      Initial    1  hour    2  hoiurs         (in  gram-colories 

For  whole         Per  sq. 
AU  in  degrees  per  minute  XlO^  surface  cm. 

Closbd  Calorimstbr  in  40mm  Gap 

6q    lightly  dull  +32        +18  +6  29.8  0.042 

75  Clean  and  bright        +27        +12  +5  24.8  0.035 

76  Clean  and  bright        +8  +3 

77  Ughtly  smeared 

with  vaseline         +25        +8        +3  23 .6  0.033 

78  Heavily     coated 

with  vaseline  +10        +3  

Opsn  Calorim9TBR  in  40mm.  Gap 

70  SUghtlydull  -35  +5         +3        =*=0 

71  SUghtlyduU  -20  =*=0         =*=© 

during  assemblage.  Inasmuch  as  the  effect  is  not  only  greatest,  but  is 
also  variable  during  the  first  30  minutes,  it  is  likely  to  introduce  error  into 
the  measurement  of  rapid  as  well  as  that  of  slow  changes.  The  effect 
of  the  evaporation  of  accidental  water  from  a  calorimeter  surface  into  a 
dry  gap/  and  that  of  the  chemical  absorption  of  the  gap  moistture  by 
hygroscopic  substances  on  the  calorimeter  surface  have  been  previously 
commented  upon.^^  The  present  observations  appear  to  show  that  any 
accidental  water  in  the  gap  will  occasion  significant  irregularities  of  be- 
havior, whether  hygroscopic  substances  are  present  or  not.**  With  the 
closed  calorimeter  it  is  best  to  keep  all  gap  surfaces  scrupulously  dry, 
and  in  this  case  it  becomes  doubly  important  to  make  the  vessel  vapor- 
tight,  inasmuch  as,  if  evaporation  occurs,  some  of  the  escaped  moisture 
will  be  deposited  on  its  outer  surface.     Since  the  phenomenon  is  one  of 

**  White,  Phys.  Ra„  31,  676  (1910). 

^  The  data  of  Table  IX  indicate  that  even  when  the  calorimeter  surface  is  clean 
and  bright,  the  total  amount  of  water  adsorbed  is  0.00006  g.  or  more  per  sq.  cm.  This 
quantity  is  very  much  greater  than  that  observed  by  White  (Ref .  44)  to  be  adsorbed  by 
dean  nickel  surfaces,  and  is  comparable  to  the  ad^rption  on  tarnished  copper  which  he 
detected.  This  large  discrepancy  cannot  be  ascribed  to  the  smaller  sensitivity  of  the 
calorimetric  measurements.  It  is  not  impossible  that  the  condensations  here  observed 
were  due  in  part  to  very  slight  contamination,  though  in  view  of  the  precautions  taken, 
(see  Ref.  43)  this  seems  unlikely.  On  the  other  hand.  White's  adsorptions  may  have 
been  incomplete.  It  is  highly  desirable  that  this  discrepancy  be  explained.  Meanwhile, 
the  practical  consequences  of  the  present  observations  remain  unaffected  by  any  doubt. 
The  caknimeter  surfaces  in  these  tests  were  certainly  as  clean  as  very  careful  manipula- 
tion permitted  them  to  be.  The  phenomena  observed,  therefore,  whether  they  were  due 
wholly  or  only  in  part  to  the  simple  adsorption  of  moisture,  may  be  accepted  as 
characteristic  causes  of  disturbance  in  any  practioal  calorimetry. 
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adsorption,  such  condensation  will  occur  before  the  gap  reaches  saturation, 
and  it  will  reduce  the  thermal  effect  of  the  evaporation  in  an  indeterminable 
way.  With  the  open  calorimeter  the  only  recourse  is  to  wet  the  surfaces 
of  the  vessel  in  the  manner  described  above  and  to  enclose  it  in  a  saturated 
gap. 

Leakage  between  Open  Calorimeter  and  Bath 

Measiurements  of  leakage  were  carried  out  with  the  open  calorimeter 
in  all  respects  similar  to  those  made  with  the  closed  calorimeter.  The 
behavior  thus  exhibited  was  so  complicated  that  any  description  of  it 
suflSciently  minute  to  prove  the  validity  of  the  inferences  drawn  from  its 
analysis  would  probably  not  be  justified  by  their  practical  importance. 
These  inferences  will,  therefore,  be  only  briefly  smnmarized  in  this  place; 
the  evidence  upon  which  they  rest,  if  it  ever  seems  necessary  or  ad- 
visable to  present  it,  will  be  given  in  full  elsewhere  at  another  time.** 

With  an  open  calorimeter  in  a  gap  initially  dry,  the  thermal  disturbances, 
which  are  due  not  only  to  evaporation  into  the  air  gap  but  also  to  superim- 
posed effects  of  siuiace  condensation,  are  very  protracted,  and  on  account 
of  unavoidable  small  differences  in  initial  temperatures  and  gap  saturations, 
they  are  never  reproducible  either  with  respect  to  magnitude  or  variability 
with  time.  Such  systems  are,  therefore,  quite  tmavailable  for  protracted 
calorimetry  and  yield  tmcertain  data  even  in  quickly  completed  adiabatic 
meastu^ments  tmless  corrections  be  made  for  their  variable  leakage  by 
careful  interpolation  from  the  results  of  preperiod  and  postperiod  observa- 
tions. The  rates  of  leakage  are,  however,  nearly  enough  linear  during  the 
first  half  hour  to  make  the  error  of  such  interpolation  negligible. 

The  open  calorimeter  with  invisibly  wetted  outer  siuiace,  enclosed 
in  a  vapor  saturated  gap  which  holds  no  free  water,  exhibits  equal  or 
greater  variability  in  the  magnitude  and  character  of  the  initial  disturb- 
ances, in  this  case  due  to  unavoidable  differences  in  prior  temperatures  of 
calorimeter  and  bath.  If  the  bath  be  previously  lower,  the  calorimeter 
temperature,  tmder  conditions  which  normally  establish  an  isothermal 
condition,  slowly  rises;  if  the  bath  be  previously  higher,  it  falls.  Both 
of  these  changes  are  extremely  protracted  and  may  be  shown  to  be  caused 
by  changes  in  the  densities  of  the  films  of  water  adsorbed  by  the  calori- 
meter stuiace.  Under  bath  heads,  both  positive  and  negative,  the  leak- 
age of  systems  of  this  type  is  greater  than  the  corresponding  leakage  of 
the  closed  system  through  dry  gaps  of  the  same  width.  The  excess  leak- 
age is  probably  caused  partly  by  an  increased  convection  rate,  but  in  greater 
meastu-e  by  distillation,  that  which  occurs  when  the  bath  is  at  higher  tem- 
perature being  due  to  a  transfer  of  moisture  to  the  calorimeter  from  adsorbed 
films  on  the  jacket  walls.  These  open  systems  therefore  are,  like  the 
^  Publications  of  the  Ernest  Kempton  Adams  Fund  for  Physical  Research. 
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preceding,  unavailable  ior  protracted  measurements,  though  they  may 
be  similarly  used  in  measurements  of  short  duration.  Although  they 
involve  greater  and  more  variable  leakages,  they  possess  the  advantage 
that  under  bath  heads  less  than  0. 2^  the  leakage  is  the  same  in  both  di- 
rections, so  that  a  correction  for  imperfect  adiabaticity  may  be  ccMrectly 
determined  on  the  assumption  that  leakage  is  proportional  to  thermal 
head.« 

When  the  air  spaces  surrotmding  an  open  calorimeter  hold  free  water, 
the  leakages  under  both  positive  and  negative  bath  heads  are  still  further 
increased,  primarily  by  the  effects  of  free  distillation.  The  phenomena 
in  this  case  are  so  markedly  affected  by  the  quantity  of  water  in  the  gap, 
by  its  location  and  distrilmtion  and  by  its  influence  on  the  magnitudes 
and  rates  of  the  surface  adsorptions,  that  they  exhibit  at  first  glance  a 
hopelessly  capricious  variability.  A  rough  and  partial  analysis  of  these 
leaJcages  was  possible,  but  beyond  furnishing  additional  data  on  the 
adsorption  phenomena  its  only  practical  result  was  to  prove  that  the  pres- 
ence of  even  a  small  quantity  of  water  in  the  air  gap  might  well  invalidate 
any  calorimetric  determination. 

As  a  whole  the  experiments  with  the  open  calorimeter  led  to  the  final 
judgment  that  although  such  systems  may  with  proper  precaution  be 
used  in  quiddy  completed  adiabatic  measturements,  they  are  tmavailable 
for  any  other,  and  excepting  for  work  confined  within  very  narrow  tem- 
perature ranges,  would  best  be  discarded  altogether. 

Summary 
A.  From  the  results  of  an  extensive  series  of  measturements  under- 
taken^ to  establish  a  standard  of  accuracy  for  the  calorimetry  of  slow  proc- 
esses, it  has  been  determined  that  in  order  to  attain  the  acctu-acy  de- 
fined by  the  gain  or  loss  of  half  a  gram-calorie  in  10  hours,  the  following 
precautions  are  necessary  and  sufficient. 

1.  A  closed  calorimetric  system  must  be  used  which  allows  no  meas- 
tu^ble  evaporation  into  the  insulating  air  gaps,  and  these  gaps  must  be 
dry  (unsaturated  with  water  vapor). 

2.  The  outer  environment  must  be  thermostatically  controlled  when- 
ever there  are  conducting  parts  which  pass  directly  from  the  calorimeter 
into  the  surrounding  air,  with  a  precision  characteristic  of  the  system 
employed.  This  is  about  =*=0.2®  when  encased  merciuy  thermometers 
are  used.  It  is  advisable  to  keep  the  environmental  temperattu-e  always 
close  to  the  calorimetric  within  the  characteristic  range  of  negligible  di- 

*^  In  the  preceding  research,  which  was  carried  out  with  an  open  system  of  this  type, 
this  proportionality  was  observed,  and  was  made  the  basis  of  the  correction  for  imperfect 
adiabaticity.  The  present  measurements  confirmed  these  former  observations,  and  by 
showing  the  probable  causes  of  the  proportionality,  explained  their  seeming  inconsistency 
with  those  of  other  observers,  which  was  noted  at  the  time.     (Ref.  1,  pp.  1923, 1924.) 
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rect  leakage;  and  it  is  necessary  to  correct  for  fluctuation  beyond  this 
range.  A  constant  temperature  closet  is  requisite  for  this  control.  A  con- 
venient construction  of  this  sort  is  described. 

3.  With  the  usual  system  of  about  1000  gram-calorie  units  heat  capacity 
the  air  gaps  should  be  not  less  than  40  mm.  wide:  but  there  is  no  practical 
advantage  in  using  gaps  wider  than  this.  The  heat  capacity  of  these 
wide  gaps  is  relatively  too  small  to  cause  indeterminate  errors  of  measure- 
ment. With  the  40mm.  gap,  when  the  bath  temperature  fluctuates 
within  ^0.01^  and  the  environment  within  '*:0.2^  of  the  calorimetric, 
the  system  is  practically  adiabatic  within  the  error  above  defined,  the 
total  leakage,  of  which  the  convection  factor  is  negligible,  being  little 
more  than  three  times  that  of  a  perfect  vacuum  gap.  The  leakage  rate 
in  such  systems  is  the  same  in  both  directions,  and  for  heads  below  0.1^ 
is  proportional  to  the  head.  Correction  for  imperfect  adiabaticity  due  to 
bath  fluctuation  may  be  made  on  this  basis,  since  transmission  lag  has  no 
measurable  effect  on  the  leakage.  A  new  type  of  calorimeter  embodying 
these  advantages  is  described.  With  this  system,  the  initial  conditions 
are  perfectly  adiabatic;  and  the  total  calorimetric  lag  for  the  temperature 
changes  characteristic  of  long-continued  operations  is  negligible. 

4.  It  is  permissible  and  advantageous  to  stir  the  closed  system  re- 
ciprocally. In  the  installation  described,  this  may  be  done  without 
significant  loss  of  heat.  The  heat  of  stirring  is  developed  identically 
in  different  assemblages  and  at  the  same  rate  for  any  one  speed,  whether 
stirring  is  continuous  or  intermittent.  It  may  vary  at  low  speeds  with  the 
fourth  and  higher  powers  of  the  speed.  The  continuous  stirring  necessary 
to  ensture  mixtiure  in  chemically  reacting  systems  is  productive  of  negli- 
gible error;  and  similar  stirring  at  low  speeds  throughout  determination 
is  shown  to  be  practicable,  though  in  very  protracted  operations  inter- 
mittent stirring  is  the  better  practice.  Strictly  uniform  speeds  are  neces- 
sary for  long  continuous  stirring,  but  not  for  intermittent  stirring,  nor  for 
continuous  stirring  during  mixtiure  if  the  approximate  rates  of  heat  pro- 
duction tmder  different  speeds  be  known  for  the  system  used. 

5.  The  open  calorimeter  is  imavailable  in  protracted  calorimetry; 
since,  even  with  an  initially  dry  gap,  evaporation  leakage  is  inconstant 
as  the  result  of  uncontrollable  variability  in  prior  conditions.  This 
is  due  in  great  part  to  the  condensation  of  water  vapor  in  the  air  gap 
on  the  walls  of  the  calorimeter,  which  occurs  on  clean  as  well  as  on  con- 
taminated surfaces,  and  is  probably  due  to  the  simple  adsorption  of  mois- 
ture, an  effect  which  can  be  neither  eliminated  nor  controlled  even  under  ap- 
proximately isothermal  conditions.  With  change  of  temperature  its  effects 
are  greater  and  still  more  irregular,  and  in  water-saturated  gaps  are  com- 
plicated in  the  extreme. 

B.    The  closed  system  is  best  for  all  types  of  calorimetry;    but  in 
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the  adiabatic  measurement  of  swift  reactions  the  open  calorimeter  may 
be  safely  used,  either  with  dry  surfaces  in  an  initially  dry  gap,  or  with 
invisibly  wetted  surfaces  in  a  saturated  gap  which  holds  no  water,  provided 
always  that  correction  for  aggregate  thermal  disturbances  due  to  evapo- 
ration leakage  be  made  by  interpolation  from  the  results  of  observations 
taken  before  and  after  the  reaction  period.  The  initially  dry  gap,  with 
which  leakage  is  less,  and  more  nearly  tmiform,  is  preferable  in  such 
measurement;  but  correction  for  imperfect  adiabaticity  is  safer  with  the 
saturated  gap. 

Under  aU  heads  less  than  1^,  the  total  leakage  from  a  closed  calori- 
metric  system  in  a  dry  gap  shows  sUght  divergence  from  Newton's  law, 
since  the  convection  increases  very  slowly  with  increase  in  gap  width, 
and  varies  as  powers  of  the  thermal  head  less  than  2  excepting  when  the 
gap  is  unusually  wide. 

Similar  leakage  from  the  open  system  is  irregular,  but  yields  itself 
to  a  rough  analysb  which  gives  some  indication  of  the  character  of  the 
thermal  disturbances  and  the  magnitude  of  the  uncertainties  character- 
istic of  the  merodiabatic  measurements  which  have  yielded  the  bulk 
of  our  present  thermochemical  data. 

An  experimental  method  for  the  determination  of  conduction  leakage 
in  any  closed  calorimetric  system  is  described,  and  a  simple  empirical 
rule  for  estimating  its  approximate  magnitude  in  dosed  cylindrical  systems 
of  convenient  dimensions  is  given. 

As  a  whole  the  work  illustrates  several  applications  of  an  experimental 
procedure  which  permits  the  long-continued  maintenance  either  of  an 
adiabatic  condition  or  of  a  condition  of  constant  leakage  in  a  system  of 
changing  temperattu-e.  The  latter  condition  is  available  for  isothermal 
calorimetry,  and  for  the  simplification  of  method  in  other  types  of  physi- 
cal measurement.  In  illustration  of  one  such  application,  the  thermal 
conductivity  of  air,  incidentally  determined  (with  no  specific  precautions) 
at  atmospheric  pressure  by  the  analysis  of  thermal  leakage  including 
convection  3rielded  kso*  =  0.000057,  in  close  agreement  with  the  accepted 
value. 

Precise  data  are  submitted  which  quantitatively  define  the  above 
statements. 

In  conclusion,  the  writer  desires  to  express  his  obligation  to  the  De- 
partment of  Physics  of  Columbia  University  for  laboratory  acconuno- 
dations  and  shop  facilities  essential  to  the  prosecution  of  this  investi- 
gation, and  to  the  University  for  the  Ernest  Kempton  Adams  Research 
Fellowship  Fund,  with  which  the  expenses  incident  to  it  were  defrayed. 
N«w  York,  N.  Y. 


Digitized  by  LjOOQ IC 


938  J.  N.  BRdNSTQD 

(Contribution  from  ths  Laboratory  op  Physicai,  Chemistry  op  the  Poi<yt8chnical 
Institute  op  Copbnhagbn] 

CALCULATION  OF  THE  OSMOTIC  AND  ACTIVITY  FUNCTIONS 
IN  SOLUTIONS  OF  UNI-UNIVALENT  SALTS 

By  J.  N.  BrOnstbd 

Received  August  1.  1921 

1.  Introduction 

For  the  theory  of  solutions  it  is  of  the  greatest  importance  to  find  an 
expression  which,  as  the  concentration  approaches  infinite  dilution, 
shows  a  uniform  convergence  towards  an  ideal  state  and  is  still  able  to 
account  for  the  peculiarities  of  the  various  salts  at  higher  concentration. 
For  a  long  time  work  has  been  in  progress,  mostly  on  an  empirical  basis, 
to  establish  the  laws  governing  the  anomalies  of  the  stnmg  electrol3rtes. 
A  particularly  successful  research  in  this  line  is  the  critical  study  of  Noyes 
and  Falk*  who  found  the  osmotic  properties  of  salt  solutions  to  be  repre- 
sented by  the  well-known  equation, 

2-*=ir-^c,  or  l-^=a-^c  (1) 

where  ip  indicates  the  osmotic  coeflBcient^  and  a  a  constant  peculiar  to  the 
salt  in  question.  This  equation  enabled  us  to  account  approximately  for 
the  thermodjmamic  prc^rties  of  salt  solutions  within  a  rather  considerable 
range  of  concentrations,  and  with  its  aid  we  were  in  a  position  to  calculate' 
approximately  ion  activities  and  solubilities  based  on  the  modem  view 
of  salt  solutions  as  being  completely  ionized. 

It  is  obvious,  however,  that  Equation  1  does  not  fulfil  the  requirement 
of  a  uniform  convergence  with  decreasing  concentration,  because  the  func- 
tion 1  —  ^  which  we  shall  term  the  osmotic  deviation  is  directly  proportional 
to  the  constant  a  peculiar  to  any  salt.  When  comparing  two  salts,  the 
equation 

(l~^)l         Oi 

(1— f»)i       as 
evidently  holds,  even  at  the  greatest  dilutions. 
In  an  interesting  paper,^  Lewis  and  Linhart  have  proposed  the  expression 

l-^=ac"  (2) 

in  the  place  of  Equation  1  and  have  shown  that  this  expression  conforms 
very  closely  to  available  accurate  measurements  of  freezing-point  lowerings. 
It  is  not  surprising  that  this  expression  can  be  better  satisfied  than  Equation 
1  because  it  contains  two  independent  constants  a  and  w  to  be  varied  when 

»  Noyes  and  Falk,  Tms  Journai.,  32,  1011  (1910). 

»  For  notation  see  Brdnsted,  ibid.,  42,  761  (1920). 

« Bjerrum,  Z.  Elektrochem.,  24,  321  (1918).    Brdnsted,  Ref.  2. 

«  Lewis  and  Linhart,  This  Journai<,  41,  1966  (1919). 
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passing  from  one  salt  to  another.    It  lacks,  however,  as  does  Equation  1, 
the  property  of  a  uniform  convergence  with  decreadng  concentration. 

From  the  point  of  view  of  the  complete  dissociation  of  the  strong  electro- 
lytes it  was  previously  pointed  out  by  the  writer,*  that  the  separate  or 
individual  bdiavior  of  ions  may  be  accotmted  for  by  attributing  to  them 
a  secondary  power  beside  the  primary  Milner  effect,  and  some  possible 
reason  for  the  appearance  of  such  a  secondary  power  was  mentioned.  The 
leading  idea  of  the  present  paper  assumes  that  the  osmotic  deviation  is 
determined  by  two  such  separate  influences,  one  of  which — namely,  the 
pure  Milner  effect — being  the  only  one  perceptible  at  small  concentrations, 
while  for  the  secondary  effect  laws  similar  to  those  governing  non-dectro- 
lytes  dissolved  in  salt  s(dutions  must  be  assumed.  As  will  appear  from  the 
following  discussion  a  very  satisfactory  expression  of  thermodynamic 
properties  of  salt  solutions  can  be  derived  from  this  point  of  view. 

2.  The  Osmotic  Deviation:    A  General  Formula 

As  a  good  many  earlier  investigations  have  shown,  addition  of  salts  to  a 
solution  of  a  non-electrolyte  causes  a  change,  mostly  an  increase,  in  the 
activity  of  the  non-electrolyte.  This  effect  known  as  the  * 'salting-out 
effect"  is  generally  directly  proportional  to  the  concentration  of  the  salt 
added.  The  assumption  of  a  similar  influence  of  salts  upon  the  activity 
of  ions  in  spite  of  the  very  different  total  effect  in  the  two  cases  appears 
reasonable,  because  the  sequence  in  which  the  influence  manifests  itself 
is  generally  the  same.* 

On  the  ground  of  this  view  we  must  assume  the  osmotic  deviation  of  a 
salt  solution  to  be  represented  by  an  equation  of  the  following  form 

l-^  "/{€)+ fie  (3) 

where y^(c)  is  a  universal  functicm  and  p  a  coeflSdent  peculiar  to  the  salt 
considered. 

Inspection  of  the  best  meastu-ements  of  osmotic  and  activity  coefiBcients 
now  shows  Equation  3  to  be  satisfied  for  uni-univalent  salts  by  introducing 
/(c)«aVc  where  a  is  a  universal  constant  possessing  at  least  approxi- 
matdy  the  value  0.32  at  0**.    We  can  then  write 

l-^-aVc+^  (4) 

as  presumably  of  tmiversal  validity;  and 

l-^-0.32V7  +  /5c  (6) 

as  valid  at  0®  or  in  the  neighborhood  of  this  temperature. 

•Rcf.2,p.781. 

*  This  rule  has  been  verified  in  this  laboratory  tismg  as  non-electrolyte  the  substance 
trinitro-tri-ammine  cobalt,  which  according  to  Werner's  theory  is  an  undissodated 
compound.  In  this  case  the  solubility  is  strongly  increased  br  most  salts,  contrary  to 
the  usual  salting-out  effect.  A  marked  paralldism  between  the  influence  upon  the 
non-dectrolyte  and  the  isomeric  sdt,  flavo  cobaltic  tetranitro-di-ammine  cobdtiate  by 
various  salts  was  noted. 
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While  the  second  term  in  these  equations  accounts  for  such  effects  as 
are  peculiar  to  each  solution,  the  square-root  term  represents  the  influence 
of  tiie  simple  inter-ionic  forces  due  to  the  electrical  net  charge.  It  is 
interesting  to  note  that  Milner's  calculation  of  this  electrical  effect  also 
leads  to  a  square-root  expression  (even  if  the  a-values  calculated  in  this 
way  do  not  agree  with  that  given' here.' 

Of  the  properties  belonging  to  Equations  4  and  5  we  may  mention  the 
fulfilment  of  the  requirement  referred  to  above,  that  as  concentration  de- 
creases the  same  ideal  curve  for  aU  electrolytes  of  the  t3rpe  considered  is 
approached.  This  is  due  to  the  fact  that  as  the  concentration  approadies 
zero  the  term  Pc  accounting  for  the  individuality  of  the  solutions  becomes 
infinitely  small  compared  with  the  general  term  a-^c-^ 

The  concentration  at  which  this  ideal  form  of  our  equation,  namely, 

l-^-WF  (6) 

or 

l-*>-0.32V7  (7) 

is  applicable  depends  upon  the  value  of  p.  This  coefficient,  being  usually 
of  the  same  order  of  magnitude  as  a,  the  simple  form  of  our  equation  will 
usually  become  applicable  from  0.01  or  0.001  N  solution  downwards. 

The  following  sections  contain  the  experimental  basis  of  our  Equations 
4  to  7.  In  the  first  of  them  is  given  the  most  direct  verification  by  means 
of  freezing-point  measurements.  In  the  subsequent  sections  expressions 
for  the  activity  coefficients  and  verification  procured  by  means  of  electro- 
metric  and  solubility  measurements  with  and  without  the  help  of  the  prin- 
ciple of  the  specific  interaction*  of  ions  are  developed. 

3.  Verification  by  Means  of  Freezing-point  Measurements 
Only  very  few  measurements  of  freezing-point  lowerings  at  0.01  N  and 
lower  concentrations  are  sufficiently  accurate  to  sectu^  a  reliable  basis  for 
a  theory  of  salt  solutions.  The  best  existing  freezing-point  measurements 
are  those  of  Adams^^  on  potassium  chloride  and  potassium  nitrate  and  those 
of  Harldns  and  Roberts^^  on  sodium  chloride.  The  osmotic  coefficients 
fp  calculated  from  these  measurements  at  rounded  concentrations  are  given 
m  Table  I. 

'  The  results  of  Milner's  calculations  can  be  given  in  the  form  1— ^«*0.25  c"-*. 

*  In  a  recent  paper  by  Lewis  and  Randall  (Tms  Journal,  43,  1121  (1921)1  it  is 
suggested  that  n  in  the  Lewis  and  Linhart  expression  (Equation  2)  may  equal  Vi  in  the 
case  of  uni-univalent  salts.  If  we  make  this  assumption  the  expression  of  Lewis  and 
Linhart  conforms  with  the  above  Equation  6,  but  the  individual  propertiea  of  the 
substances  are  then  not  accounted  for  as  in  Equation  4  and  the  expression  obtafaied, 
therefore,  is  valid  only  at  high  dilution. 

•  Brflnsted,  Tms  Jopknal,  44,  877  (1921). 
»  Adams,  ibid,,  37, 492  (1915). 

"  Harkins  and  Roberts,  ibid.,  38,  2676  (1916).  The  figure  at  0.0836  N  has  been 
omitted  in  the  following  treatment  as  evidently  erroneous. 
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Tabus  I 
Osmotic  Cobfficibnt  (p  of  KNOi,  KCl  and  NaCl  at  Various  Concentrations 


c{t^ 

=0») 

c 

^KNO. 

ffimox 

^^•a 

0.005 

0.976 

0.980 

0.982 

0.01 

0.968 

0.971 

0.973 

0.02 

0.954 

0.961 

0.968 

0.05 

0.923 

0.943 

0.945 

0.1 

0.889 

0.927 

0.934 

The  values  of  j8  computed  from  these  data  are  +0.10,  —0.28  and 
—0.35  for  KNOi,  KCl  and  NaCl,  respectively.  Introducing  these  values 
in  Equation  4  we  obtain 

(I-^)kno,     =0.32Vc  +  0.10c  1. 

(1-V9)kci        =0.32V7  -  0.28c  [  (8) 

(1-^)n«ci       =  0.32V 7  -  0.35c  J 

The  osmotic  desdations  1  —  ^  calculated  from  these  equations  are  given 
in  Table  II  together  with  those  calculated  from  the  experimental  tp  -  values 
in  Table  I.    In  the  last  column  the  values  of  0.32Vc  are  given. 

Tabls  II 

Osmotic  Deviations  1  —  ^  Found  (f)  and  Calculated  (c) 

KNO,  KCl  NaCl 


e 

(l-*')f 

(l-*»)c 

(i-*»)f 

(l-<P)c 

(l-^)f 

(l-*')c 

0.32  V/ 

0.005 

0.024 

0.023 

0.020 

0.021 

0.018 

0.020 

0.022 

0.01 

0.032 

0.033 

0.029 

0.029 

0.027 

0.028 

0.082 

0.02 

0.046 

0.047 

0.039 

0.040 

0.042 

0.038 

0.045 

0.05 

0.077 

0.077 

0.057 

0.068 

0.055 

0.064 

0.072 

0.1 

0.111 

0.111 

0.073 

0.073 

0.066 

0.066 

0.101 

The  agreement  between  the  values  of  1  —  ^  found  and  calculated  leaves 
nothing  to  be  desired.  It  is  of  particular  interest  that  our  equation  holds 
equally  in  the  case  of  positive  and  negative  /3-values,  representing  re- 
spectively negative  and  positive  salting-out  effects  exerted  by  the  salts  on 
their  own  ions. 

Other  measurements  of  high  value  are  those  of  Hall  and  Harkins^'  on 
potassium  and  sodium  iodates.  They  agree  approximately  with  the  ex- 
pression 

(l-^)=0.32Vc-f  0.17c 

SUght  deviations  between  the  values  foimd  and  calculated  are  com- 
patible with  the  assumption  of  exijerimental  errors  of  the  order  of  mag- 
nitude 0.0002**  in  the  freezing  points  of  the  most  dilute  solutions. 

On  turning  to  the  application  of  our  formula  to  other  freezing-point 

measurements  as  a  rule  we  no  longer  find  such  agreement  as  in  the  cases 

mentioned.    This,  however,  is  no  serious  objection  to  its  validity,  because 

most  earlier  investigations  lack  that  high  degree  of  precision  necessary 

>*  Hall  and  Harkins.  Tms  Journal,  38,  2658  (1916). 
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0.0001 

0.0002 

1     ^ 

0.0005 

••* 

0.001 

•«  t 

0.002 

tt  • 

0.005 

II  •- 

0.01 

•: 

0.02 

^•^fc 

0.05 

0.1 
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coefficients  of  all  salts  and  ions  to  be  uniformly  de- 
^        Dncentration. 

cation  by  Means  of  Electrical  Measurements 

imental  material  available  for  checking  the  equations  set 

•ing  section  is  in  the  results  of  the  electrometric  measure- 

md  EUis^^  and  Linhart**  on  cells  of  the  type,  H  |  HCl  |  Ag- 

ig  acid  of  various  concentrations.    By  these  measurements, 

relative  values  of  the  activity  coefficient  of  the  hydrochloric 

led.    The  comparison  is  made  by  assuming  the  solutions  of 

^ration  to  be  ideal  dilute  solutions,  i,  e.,  attributing  to  them 

•pearing  in  Equation  14. 

obtained  in  this  way* are  given  in  the  second  column  of 
The  third  column  contains  the  values  of  /  calculated  from 
nd  in  the  last  column  ate  given  the  ideal  values  from  Equa- 

Tabus  III 

\CTIVITY  COBFFICIBNTS  OF  HCl,  FoUND  AND  CaI.CUI*ATBD 
c  /found 


0.978 

0.971 

0.958 

0.934 

0.912 

0.882    - 

0.848 

0.803 

ue  inserted  in  Equation  11  for  the  calculation  of  /«a,.  is 
he  equation  employed  therefore: 

/n/=  -0.96Vc  + 0.62c  (16) 

highest  concentration  0.1  N  is  dispensed  with  the  agreement 
i  and/^,.  is  seen  to  be  complete.  Comparison  with  the 
le  last  column  shows  the  hydrochloric  acid  solutions  to  be 
t  up  to  0.002  N. 

trometric  measurements,  therefore,  fully  verify  our  theory. 
1,  1—^=0.32  Vi— 0.31c,  derivable  from  (15)  is  very  similar 

^  obtained  for  potassium  and  sodium  chlorides  by  using 
:  data  and  shows  that  hydrochloric  acid  at  the  dilutions  here 
..iibits  no  peculiar  behavior  such  as  previous  experiments  on 

:  -ht  lead  us  to  suspect. 

KUis,  This  Journai.,  39,  2632  (1917). 
•id.,  41,  1175  (1919). 


/calc. 

/ideal 

0.991 

0.991 

0.987 

0.987 

0.979 

0.979 

0.971 

0.970 

0.959 

0.958 

0.938 

0.934 

0.915    ' 

0.908 

0.886 

0.873 

0.850 

0.824 

0.784 

0.737 

'or   the 

calailation 
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to  secure  reliable  results  at  the  lower  concentrations.  This,  for  instance, 
is  clearly  demonstrated  when  the  values  collected  by  Noyes  and  Falk  are 
introduced  in  the  above  calculations.  We  find  in  this  case  no  agreement  at 
all  with  our  formula.  Most  previous  experimental  material  in  this  field 
is  therefore  unserviceable  for  the  establishment  or  verification  of  a  theory  of 
solution. 

Fortunately  the  freezing-point  method  is  not  the  only  way  of  obtaining 
information  about  thermodynamic  properties  of  solutions.  For  the  use 
of  other  methods,  however,  it  is  necessary  to  develop  the  relationship 
between  the  osmotic  deviation  as  dealt  with  in  this  section  and  the  activity 
functions  on  the  basis  of  our  theory  as  given  by  Equation  4. 

4.  Calculation  of  Activity  Coefficients 
When  Equation  4  is  connected  with  the  general  relation  between  osmotic 
and  activity  coefficients^'  the  following  equation  results, 

/n/=    -3aVc-2/5c  (9) 

where/ stands  for  the  activity  coefficient  of  the  salt.  Corresponding  equa- 
tions hold  for  the  activity  coefficients  /'  and  f  for  the  cation  and  anion, 
respectively,  namely 

/«/'=    -3aVc-2^'c     ) 

/«/'=    -3aVc-2/9''c     )  ^^"^ 

the  three  activity  coefficients  being  correlated  by  /*  =  /'/*^,  and  the 
^-coefficients,  therefore,  by  2  j3= j3'  +  ^\ 

Introducing  into  Equations  9  and  10  the  value  a =0.32  foimd  in  the  fore- 
going section,  we  obtain 

InJ  =  _o.96Vc-2/5c     ] 

/n/'=  -0.96Vc-2/5'c    [  (11) 

/nr»  -0.96V  c-2/3''c  J 

We  see  thus  that  the  activity  coefficients  of  salts  are  determined  by  two 
terms,  one  of  which  is  universal,  independent  of  the  nature  of  the  salt  con- 
cerned, while  the  other  accounts  for  its  individual  property.  As  the  latter 
is  directly  proportional  to  the  concentration  we  shall  find  the  same  to  be 
true  when  comparing  2  different  salts,  as  is  clearly  shown  by  the  following 
simple  equation. 

iJ^^  -2(/3i-ft)c  (12) 

Equation  11  allows  a  direct  calculation  of  activity  coefficients  from  osmotic 
measurements,  by  which  the  value  of  the  i3-coefficient  is. furnished.  At 
high  dilution  the  equation  assumes  the  simple  form, 

/»/-/n/'-/«r=  -3aVc  (13) 

and  at  0** 

/«/-/«/'=/nr«  -0.96Vc  (14) 
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showing  the  activity  coefficients  of  all  salts  and  ions  to  be  unifonnly  de- 
termined by  the  concentration. 

S.  Verification  by  Means  of  Electrical  Measurements 

The  best  experimental  material  available  for  checking  the  equations  set 
up  in  the  foregoing  section  is  in  the  results  of  the  electrometric  measure- 
ments of  Noyes  and  Ellis"  and  Linhart"  on  cells  of  the  type,  H  |  HCl  |  Ag- 
Cl.Ag,  containing  acid  of  various  concentrations.  By  these  measurements, 
however,  only  relative  values  of  the  activity  coefficient  of  tbe  hydrochloric 
add  are  furnished.  The  comparison  is  made  by  assuming  the  solutions  of 
lowest  concentration  to  be  ideal  dilute  solutions,  i.  e.,  attributing  to  them 
the  /-value  appearing  in  Equation  14. 

The  values  obtained  in  this  way 'are  given  in  the  second  column  of 
Table  III.  The  third  column  contains  the  values  of  /  calculated  from 
Equation  2»  and  in  the  last  column  are  given  the  ideal  values  from  Equa- 
tion 14. 

Tabus  III 
Activity  Cobfficibnts  of  HCl,  Found  and  Cai^culatbd 


c 

/found 

/calc. 

/ideal 

0.0001 

0.991 

0.991 

0.0002 

0.987 

0.987 

0.0005 

0.978 

0.979 

0.979 

0.001 

0.971 

0.971 

0.970 

0.002 

0.958 

0.959 

0.958 

0.005 

0.934 

0.938 

0.934 

0.01 

0.912 

0.915    ' 

0.908 

0.02 

0.882    - 

0.886 

0.873 

0.06 

0.848 

0.850 

0.824 

0.1 

0.803 

0.784 

0.737 

The  /3- value  inserted  in  Equation  11  for  the  calculation  of  /«i,.  is 
—0.31  and  the  equation  employed  therefore: 

/n/=  -0.96Vc  + 0.62c  (15) 

When  the  highest  concentration  0.1  N  is  dispensed  with  the  agreement 
between  /fo«ad  and/«^.  is  seen  to  be  complete.  Comparison  with  the 
figures  in  the  last  column  shows  the  hydrochloric  acid  solutions  to  be 
ideal,  at  least  up  to  0.002  N. 

These  electrometric  measurements,  therefore,  fully  verify  our  theory. 
The  equation,  1—^=0.32  Vi— 0.31c,  derivable  from  (15)  is  very  similar 
to  Equation  8  obtained  for  potassium  and  sodium  chlorides  by  using 
freezing-point  data  and  shows  that  hydrochloric  acid  at  the  dilutions  here 
considered  exhibits  no  peculiar  behavior  such  as  previous  experiments  on 
this  subject  might  lead  us  to  suspect. 


"  Noyes  and  EUis,  Tms  Journal,  39,  2532  (1917). 
»»  Linhart,  ibid.,  41,  1175  (1919). 
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It  is  very  remarkable  that  the  value  0.32  of  a  derived  from  freezing-point 
measureflKRtS'  a)yplfes  here  at  the  temperature  of  the  experiment,  25**. 
The  assumption  of  an  approximate  indfc|*cr<^^'^oe  of  the  temperature  of  the 
a-coeflScient  is,  however,  also  corroborated  by  stiubility  meastu-ements 
as  referred  to  in  the  following  sectitms.'* 

6.  Verification  by  Means  of  Solubility  Data 
When  a  salt  is  dissolved  in  very  small  amount  in  a  salt  solution  of  the 
(total)  concentration  c,  Equations  9  to  11  must  hold  for  the  dissolved  salt, 
j8,  j3'  and  fi'  being  constants  which  depend  upon  the  nature  of  the  dissolved 
salt  as  well  as  the  salt  solution  serving  as  solvents.  The  theory  is,  there- 
fore, directly  applicable  to  the  problem  of  calculating  solubilities  of  slightly 
soluble  salts  in  salt  solutions  of  varying  concentration. 

Solubility  in  the  Ideal  Region  of  Concentrations. — In  this  region  Equa- 
tion 9  simplifies  into 

/n/-  -3a Vi  (13) 

Since  at  constant  temperature  the  solubility  of  a  salt  is  inversely  pro- 
portional to  its  activity  coefficient,  we  can  write 

/fi5Ao-=3a(VcI-V5,)  (16) 

or  by  introduction  of  the  value  of  a 

/niAo=0.96(Vft-Vi.)  (17) 

In  these  equations  5o  is  the  solubility  in  pure  water,  5  in  a  hetero-ionic  salt 
solution  of  very  low  concentration  c,  and  Ct  the  total  concentration  c-\-s. 

Some  few  results  obtained  in  this  laboratory  in  order  to  verify  Equation 
17  are  tabulated  below.,  The  sparingly  soluble  salts  examined  were  as 
follows:  (1)  oxalo-cobaltic  tetrathiocyanato-diammine  chromiate,  [Co- 
(NHa)4Ca04]  [Cr(NHa)2(CNS)4];  (2)  croceo-cobaltic  tetranitro-diammine 
cobaltiate,  [Co(NHa)4(N02)2]  lCo(NH8)j(N02)4];  (3)  croceo-cobaltic  tetra- 
thiocyanato-diammine chromiate,    [Co(NH8)4(N02)2]    [Cr(NH,)a(CNS)4]; 

Tablb  IV 
Solubility  of  Mstal  Ammonia  Salts  in  Vbry  Diluts  Salt  Solutions.    <-20" 

<  ^t  (j/'»)found  (*/*«)calc. 

1 .  Oxalo-chrotniate.      jp = 0.00137 

0.000  0.00137                     1.000  1.000 

0.001  0.00239                     1.011  1.012 

0.002  0.00340                     1.023  1.021 

2.  Croceo-cobaltiate.  5o  =  0.000370 

0.000  0.00037         1.000  1.000 

0.001  0.00138         1.021  1.019 

0.002  0.00238         1.035  1.029 

3.  Croceo-chromiatc.  5o  =  0.000143 

0.000  0.000143  1.000  1.000 
0.001                   0.00116                     1.026                   1.021 

^*  Regarding  the  influence  of  changing  temperature  on  activity  coefficients,  see 
Brdnsted,  Z.  physik.  Chem.,  100  (1922). 
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solutions  of  sodium  chloride,  potassium  chloride  and  potassium  nitrate 
were  used  as  solvents.  The  highest  concentration  used  being  0.(K)2  N,  no 
difference  in  solvent  power  of  the  three  solvents  could  be  observed,  and  so 
only  the  mean  values  are  given  in  the  table. 

The  agreement  between  the  values  of  s/sq  found  and  calculated  is 
satisfactory  and  proves  that  the  square-root  expression  holds  in  the  region 
of  concentration  0.00014  N  to  0.002  N  used  here. 

Experiments  are  in  progress  in  this  laboratory  to  seciu-e  accurate  solu- 
bility data  at  still  lower  concentrations. 

Solubility  at  Higher  Concentrations. — When,  in  the  general  equation 
for  the  solubility  equilibrium  in  hetero-ionic  solvent 

5y'r«5oVo«  (18) 

the /-values  as  given  in  Equations  9  and  10  are  introduced,  we  obtain 

In  5Ao=3a(Vi,- Vi)+^  (19) 

where  jS  is  a  constant  depending  upon  the  ionic  interaction  and  salting  out 
effect  of  the  solvent  and  a  has  the  usual  value  0.32. 
In  the  case  of  a  homo-ionic  solvent  we  have  in  the  place  of  (18) 

sCif'r^so^P,  (20) 

and  thus  in  the  same  way 

*4         So 

A  considerable  amount  of  experimental  material  from  a  recently  pub- 
lished investigation^^  on  solubility  of  metal  ammonia  salts  is  available  for 
checking  these  equations.  A  series  of  examples  taken  from  this  source 
has  been  recalculated  with  the  aid  of  Equation  19  inserting  3a  =  0J96, 
and  for  p  that  value  which  gives  the  closest  agreement  with  the  experimen- 
tal results.    The  data  concerned,  valid  at  0°,  are  given  in  Table  V. 

The  agreement  between  the  values  of  s/so  found  and  calculated  as 
exhibited  by  this  table  is  in  most  cases  very  close,  which  is  the  more  re- 
markable as  the  /3-values  introduced  vary  extraordinarily.    Equation 

Tablb  V 

Solubility  Ratio  s/so  Found  and  Calculated  for  Mbtal  Ammonia  Salts  in  Various 

Solvents 

1.  Prasco  cobaltic  iodate  in  potassium  chloride,  5o »  0.00441,  ^=  -f  0.20 
0.00  1.000  1.000 

0.02  1.104  1.097 

0.05  1.101  1.187 

0.1  1.295  1.307 


*7  BrOnsted  and  Agnes  Pettrsen,  This  Journal^  43,  2265  (1921). 
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Tabls  V  (contiinted) 

2.  Praseo  cobaltic  bromide  in  potassium  formate,*  ^e =0.00032,  fi  *  —0.58 

0.00  1.000  1.000 

0.02  1.082  1.072 

0.05  1.143  1.132 

0.1  1.198  1.198 

0.2  1.280  1.280 

3.  /3-Croceo  cobaltic  nitrate  in  potassium  formate,  5o = 0.00494,  /3  »  —  0.16 

0.00  1.000  1.000 

0.02  1.086  1.085 

0.05  1.164  1.162 

0.1  1.258  1.258 

0.2  1.404  1.403 

4.  Croceo  cobaltic  perchlorate  in  potassium  formate,  5o»=  0.0124,  /?«  +0.14 

0.00  1.000  1.000 

0.05  1.148  1.154 

0.1  1.264  1.263 

5.  Croceo  cobaltic  dioxalo-tri-ammine  cobaltiate  in  potassitun  chloride, 

50=0.000593, /S= +0.78 

0.00  1.000  1.000 

0.02  1.186  1.158 

0.05  1.332  1.311 

0.1  1.546  1.546 

*  The  mean  values  of  the  data  for  potassium  formate,  tri-,  di-  and  monochloro- 
acetate  have  been  taken. 

19  obviously  applies  much  better  than  the  cub^-root  expression  used  in  the 
previous  papers. 

The  results  given  here  lend  strong  support  to  the  applicability  of  the 
formulas  applied  for  these  calculations  and  therefore  to  the  tmderl3ring 
theory  as  represented  by  the  fimdamental  Equations  5  and  9. 

7.  Application  of  the  Theory  of  the  Specific  Interaction  of  the  Ions 

When  Equation  4  is  applied  to  two  salt  solutions  with  a  common  ion, 
sodium  chloride  and  potassium  chloride,  for  instance,  we  can  write 

( 1  —  <p)  NaCI  =  «  Vc  +  /?K»C1  C 
(1  —  fp)KOi  =  a  Vc  +  /Jkci  C 

and  so 

—  (*>K«Cl — ^KCl)  =  (/3n«ci  —  fiKci)c  (22) 

Furthermore  we  have  according  to  Equation  9 

— /»  /k»oi  -3«Vc  +  2/Jk«ci  c 

-  In  /koi  -  3«  Vc  +  2/Jkoi  c 

and  so 

-'In  7^*-(iSK*oi-ftcoi)c.  (23) 

2        /KOI 
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Combining  Equations  22  and  23  we  obtain, 

Wf«OI — wcoi  ■•  -  «»  T —  (24) 

2     ^Am 

In  a  recent  paper*  the  writer  has  shown,  on  the  basis  of  the  principle 
of  the  specific  interaction  of  the  ions,  the  following  equation  to  hold. 

1  .  /oi(w«oi)  /(y»)  ,„^. 

2  /oi(kci)/(k) 

where  /ci(n«oi)  smd  /oi(koi)  denote  the  activity  coefBdents  of  the  chlorine 
ion  in  NaCl  and  KCl  solutions  respectively,  and  /(h^)  and  /(x)  what  are 
called  the  salting-out  coefficients.  Now  combining  Equations  24  and  25 
the  following  relation  results, 

/k>CI  ^/oi(M«Ol)/(lla)  - 

Aroi     /oi(Ka)/(x) 
Bearing  in  mind  that /»=/'/'  or/«H*c3i=/H.(K.oi)/oi(H«oi)  and  that/M.(H.ci)- 
—fiim(oi)  /(ir.)  /(ci)  etc.,  /h.(ci)  indicating  the  coefficient  of  interaction  of 
the  sodium  ion  in  a  chloride  solution.  Equation  26  may  be  rewritten  as 
follows. 

/K»(K«ci)/ci(N»ca)      //ci(n»oi)/(w»)V 
/k(koi)  /ci(koi)       \  /oi(kci)/(k)  / 
or 

/y»(y»ci)     /oi(NmOi)  i  ^  x.„^  I  . 

/k(koi)  "  /oi(Ka) '  '^-^  '  ^  ^ 


or 

/n>(ci)     /ci(w»)> 


l//Gu)Y 


(28) 


/k(ci)      /oi(k)\ 

Since  the  right-hand  side  of  Equations  27  and  28,  as  shown  in  the  paper 
quoted  is  determinable  from  solubility  measurements  we  are  in  a  position 
by  means  of  these  two  equations  to  calculate  the  ratio  of  the  activity 
coefficients  and  the  ratio  of  interaction  ol  the  potassium  and  sodium  ions  or 
generally  of  two  different  ions  with  the  same  sign. 

In  the  case  of  the  alkali  chlorides  and  nitrates  we  have  found  in  the  pre- 
vious paper  at'O** 

and  are  so  able  to  calculate  the  activity  ratios  of  the  alkali  ions  as  follows, 

■^44  -  I.OOOI.OIO*  =  1.020 
/k(oi) 


/k(kci) 

/Nft(NOi) 

/k(no,) 

/n»(n>NOi) 

/k(kno;) 


»  1.010  I.OIO'  =  1.030 

-  1.028a.010«  -  1.049 

-  1.0381.010'  =  1.069 
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In  the  question  of  activity  coefficients  the  theory  here  presented  leads 
clearly  a  step  further  than  the  mere  application  of  the  principle  of  the  speci- 
fic interaction.  Equation  28  obviously  shows  that  the  coefficients  of 
interaction  and  the  salting-out  coefficients  are  correlated  by  an  equation 
into  which  the  nature  of  the  common  ion  does  not  enter.  In  case  an 
additional  inquiry  into  this  matter  should  prove  Equation  28  to  be 
generally  valid,  it  wotdd  certainly  contribute  to  the  solution  of  the  question 
of  the  mechanism  of  bringing  about  an  effect  of  electrical  interaction 
between  ions,  such  as  was  shown  in  the  paper  referred  to  as  necessary  in 
order  to  be  able  to  account  for  the  peculiarities  of  salt  solutions. 

Summary 

From  the  point  of  view  that  the  individualities  of  salt  solutions  have  an 
origin  similar  to  that  of  the  individual  salting-out  effect  in  the  case  of  non- 
electrolytes,  equations  were  set  up  to  govern  the  osmotic  and  activity 
functions  of  uni-imivalent  salts  in  pure  and  mixed  solutions. 

These  equations  were  found  to  be  strongly  supported  by  the  most 
accurate  experimental  results  including  measurements  of  freezing-point 
lowerings,  electromotive  force  and  solubilities. 

Ratios  of  activity  coefficients  were  calcidated  on  the  ground  of  these 
equations  in  conjimction  with  the  principle  of  the  specific  interaction  of 
ions. 

Copenhagen,  Denmark 


[Contribution  prom  the  Research  Laboratory  op  the  National  Biscuit 

Company,  No.  7] 

THE  USE  OF  PHTHALATE  SOLUTIONS  FOR  HYDROGEN  ELEC- 
TRODE STANDARDS 

By  Earle  T.  Oakes  and  Henry  M.  Salisbury 

ReceiTed  August  6, 1921 

The  recent  proposals  to  replace  the  calomel  electrode  by  phthalate 
solutions  as  standard  hydrogen  electrodes  led  the  present  authors  to 
investigate  the  reliability  of  such  solutions. 

A  buffer  solution  of  potassium  hydrogen  phthalate  and  sodium  hydroxide 
was  made  up  as  described  by  Clark  and  Lubs.^  Fifty  cc.  of  0.2  M  po- 
tassium hydrogen  phthalate  solution  and  45.45  cc.  of  0.2  M  sodium 
hydroxide  were  mixed  and  diluted  to  200  cc.  with  conductivity  water. 
This  solution  was  made  up  to  give  a  Sorensen  value  of  6.0  and  when 
tested  by  indicators  this  value  was  obtained. 

Using  the  method  described  by  Beans  and  Oakes*  a  quantity  of  this 
solution  was  tested  by  the  hydrogen  electrode.    Measurements  were  taken 
»  Clark  and  Lubs.  /.  Biol.  Chem.,  35, 3,  604  (1916). 
'  Beans  and  Oakes,  This  Journal.  42, 2116  (1920). 
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over  a  period  of  48  hours.  During  this  time  there  was  a  contiuued  in- 
crease in  the  observed  e.m.f.  as  shown  in  Curve  1,  Fig,  1.  At  the  end  of 
48.5  hours  the  solution,  whose  original  Sorensen  value  was  6.0  had  a 
Sorensen  value  of  7. 01.  A  portion  of  the  solution  removed  from  the  elec- 
trode chamber  at  the  end  of  48. 5  hours  gave  a  Sorensen  value  of  7. 0  by 
indicators. 

A  second  solution  of  approximately  0. 2  Af  potassium  hydrogen  phthal- 
ate  was  freshly  made  up  with  conductivity  water  and  when  tested  witli 
indicators  was  found  to  have  a  Sorensen  value  of  3. 9.  A  portion  of  this 
solution  in  the  hydrogen  electrode  chamber  gave  the  results  plotted  in 
Curve  3,  Fig.  1.     Here  again  the  phthalate  buffer  solution  continued  to 

7.0 


640 
600 
560 

_ 

1 

_o 

— 

.-< 

^ 

..® 

( 

„ 

^^^ 

ft 

— 

620 
480 

^ 

^ 

v 

440 

I 

-  6.0 


-  6.0 


-  4.0 


5 


60 


10        15        20       25       30       35       40       45 

Age  in  hours. 

Pig.  1. — Observed  e.  m.  f.  change  with  the  time.     (1)     Potassium  hydrogen 

phthalate  and  sodium  hydroxide.     (2)    Monopotassium  phosphate 

and  sodium  hydroxide.     (3)    Potassium  hydrogen  phthalate. 

increase  steadily  in  voltage  during  the  entire  course  of  the  experiment. 

As  a  control  on  the  equipment,  method  and  manipulation,  a  solution 
consisting  of  50  cc.  of  0.2  M  monopotassium  phosphate  and  8.70  cc.  of  0.2  M 
sodium  hydroxide  diluted  to  200  cc.  with  conductivity  water  was  investi- 
gated. This  solution  was  made  up  to  give  a  SSrensen  value  of  6.0  and 
when  tested  by  indicators  was  fotmd  to  have  a  Sdrensen  value  of  6.0. 

Since  this  solution  came  to  a  constant  voltage  after  8  hours  the  actual 
values  obtained  are  given  in  Table  I  and  plotted  in  Curve  2,  Fig.  1. 

Tabids  I 


Time 

Ph 

Time 

Ph 

Hft.        Mill. 

Hrs. 

Min. 

30 

3.52 

7 

48 

5.96 

42 

4.96 

30 

20 

5.96 

1              7 

5.80 

47 

30 

6.96 

4           68 

6.01 
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In  these  determinations  the  chain  Hg|HgCl,KCl(Sat)|KCl(Sat)|  Buffer 

Solution  |Hs  was  used  in  which  a  ^  ei  —  observed  e.m.f.    «i»  0.5266 

ft 
volts.*     The  Sorensen  values  were  calculated  according  to  the  formula 
Ph  =  0^  -  log  K.    Assuming  a  0.1  M  HCl  at  25*  -  0.92  K,  the 
equilibrium  constant  of  2H+  ±^  Ht  =  lO-**'*  at  25*. 

As  a  further  check  on  these  results,  a  different  sample  of  pure  phthalic 
anhydride  was  secured  and  solutions  of  the  acid  phthalate  were  tested 
in  the  manner  described  above  with  practically  the  same  results.  There 
was  a  continuous  drift  throughout  the  48  hours  of  observation,  the  Soren- 
sen value  of  the  buffer  increasing  continuously. 

The  hydrogen  gas  was  purified  by  passing  it  first  through  alkaline  permanganate 
solution,  through  alkaline  pyrogallate  solution,  through  a  cotton  plug  and  finally 
saturating  with  water  vapor  at  25  °.  The  entire  cdl  chain  was  placed  in  a  water  thermo- 
stat at  25"  =*=  0.02 '. 

In  preparing  our  solution  of  potassium  hydrogen  phthalate  the  phthalic  add  was 
first  carefully  sublimed,  then  the  potassium  acid  phthalate  purified  by  three  recrystal- 
lizations.  Hendrixson,^  has  shown  that  no  increase  in  purification  is  effected  by  more 
than  three  recrystallizations.  In  recrystallizing,  care  was  taken  not  to  allow  the  temp- 
erature of  the  solution  to  fall  below  20".*  The  crystals  were  finally  dried  to  constant 
weight  at  110-115".  Upon  examination  tmder  the  microscope  all  these  crystals  of  add 
phthalate  were  seen  to  be  hexagonal  plates  with  no  needle  forms  present. 

Conductivity  water  was  used  throughout  this  work.  The  hydrogen  dectrodes  were 
of  plate  form  freshly  coated  with  platinum  black  and  thoroughly  deaned.  No  correc- 
tions were  made  for  changes  in  barometric  pressure,  as  these  corrections  were  too  slight 
to  affect  the  hydrogen-ion  concentrations  to  an  appreciable  extent. 

It  is  evident,  then,  that  our  most  careful  purification  of  these  phthalate 
solutions  failed  to  produce  a  product  that  gives  a  constant  S5rensen  value 
with  the  hydrogen  electrode/  That  the  difficulties  encountered  are  most 
certainly  due  to  changes  in  the  phthalate  solutions  and  not  to  the  apparatus 
or  manipulation,  is  shown  by  the  constancy  of  the  results  obtained  with  the 
same  equipment  on  phosphate  solutions  and  the  fact  that  indicators 
recorded  the  same  differences  as  did  the  hydrogen  electrode.  Further- 
more, the  drift  is  too  great  to  be  accotmted  for  by  a  reduction  of  any  im- 
purity which  could  be  present  in  only  the  most  minute  quantity  if  at  all. 

*  Ostwald,  Z,  pkysik.  Chem.,  35,  333  (1900).  Pales  and  Vosburgh,  Tms  Joxjkhau 
40, 1300  (1918).  Fales  and  Mudge,  ibid.,  42, 2434  (1920). 

<  Hendrixson,  This  Journal,  42,  724  (1920). 

*  Dodge,  ibid.,  42,  1655  (1920). 

*  Since  fininishing  this  investigation  A.  R.  T.  Merrill,  ibid.,  43,  2688  (1921)  in 
her  work  on  cystine  makes  the  statement:  "The  acetic  acid-sodium  acetate  mixttures 
of  Walpole  were  used  in  place  of  the  potassium  hydrogen  phthalate  solutiotts  recom- 
mended by  Clark  and  Lubs  as  the  latter  gave  a  decided  drift  when  detemrining  the  hy- 
drogen-ion concentration  by  the  electrometric  method,  due  possibly  to  reduction  occur- 
ring." We  have  had  three  private  communications  from  other  workers  who  have 
experienced  similar  difficulty  with  phthalate  solutions. 
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There  is,  of  course,  a  slight  possibility  that  even  a  minute  trace  of  im- 
purity might  catalyze  the  reduction  of  the  phthalate.  Even  if  this  is 
the  case,  it  is  dear  that  the  most  careful  methods  of  purification  fail  to 
remove  this  catal3rst  and  the  use  of  phthalates  for  hydrogen  electrode 
measurements  would  be  justified  only  after  careftdly  testing  them  for 
freedom  from  change  imder  continued  use. 

The  authors  are  indebted  to  Dr.  P.  D.  Dodge  for  his  kindness  in  testing 
the  purity  of  our  potassium  hydrogen  phthalate.  Dr.  Dodge  repcMrted 
that  after  carefully  examining  the  products  we  had  purified  for  both  the 
initial  and  check  experiments,  he  could  detect  no  impurities  and  the  two 
samples  were  identical  in  being  pure  potassium  hydrogen  phthalate. 

Summary 

1.  The  most  careftdly  ptuified  phthalate  solutions  gave  a  progressive 
decrease  in  hydrogen-ion  ccmcentration  when  in  continued  contact  with 
the  hydrogen  electrode. 

2.  This  decrease  in  hydrogen-ion  concentration  is  due  to  changes  in 
the  phthalate  itself,  probably  a  reduction  reaction. 

3.  If  impurities  are  responsible  for  the  changes  noted,  their  action 
must  be  that  oi  catalysts  in  the  reduction  of  the  phthalate,  as  they  could 
not  possibly  be  present  in  sufficient  quantity  to  account  for  the  entire 
change  by  themselves. 

Nbw  York,  N.  Y.  

[Contribution  prom  thb  Nbui  Ressarch  Laboratories] 
RHYTHMIC  DEPOSITION  OF  PRECIPITATED  VAPORS 

By  Enoch  Karrsr 

Received  August  20, 1921 

The  phenomenon  of  rh3rthmic  (h:  periodic  precipitation  and  allied  phe- 
nomena has  received  considerable  attention  since  Liesegang^  recorded 
his  observations  of  it,  now  referred  to  frequently  as  Liesegang's  rings 
or  phenomenon.  A  common  illustration  of  this  is  the  rh3rthmic  precipi- 
tation of  silver  chromate  in  concentric  rings,  when  a  crystal  of  silver 
nitrate  is  placed  upon  a  gelatin  film  containing  some  dichromate.  The 
phencmienon  may  be  oi  importance  in  geology  and  is  of  great  importance 
in  biology,^  where  striae  so  frequently  encountered,  may  be  recalled. 
For  example  the  structure  causing  iridescence  in  mother-of-pearl'  may 
be  referable  to  this  phenomenon  as  well  as  that  in  various  insects  and  beetles 

^  Lieseganir*  "Chemischer  Vqrg&nge  in  Gallerten/'  Leipzig,  1S98. 

*  liesegang,  Naiurw.  Woehenschr,,  41  (1910).  Bechhold,  "Die  Kolloide  in  Biologie 
und  Medizin/'  Steinkopff,  Leipzig,  1920. 

*  Pfond  [/.  FraMm  Inst.,  ISS*  463  (1917)  ]  bas  recently  made  a  study  of  the  color 
and  structure  of  mother-of-pearl,  concluding  that  no  simple  periodic  condition  of  en- 
vironment can  account  for  it.    For  further  illustration  see  Bechhold,  Ref.  2. 
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and  elsewhere.  In  the  first  case  calcium  carbonate  has  been  periodically 
precipitated  in  ConckUoUn.  The  structure  of  the  retinal  cones  has  been 
thus  explained  and  it  may  also  be  suggested  that  the  structure  of  the  lens 
of  the  eye  may  be  due  to  this  process. 

It  appears  that  no  adequate  theory  for  this  rh3rthmic  precipitation 
has  been  presented. 

Allied  to  rh3rthmic  precipitation  is  the  rhythmic  stratification  of  sedi- 
ment. Thl^  has  received  some  attention  from  several  authors,  but  most 
recently  from  Mendenhall  and  Mason.**  These  authors  have  shown  that 
in  the  formation  of  layers  of  sediment  suspended  in  water  a  temperature 
gradient  laterally  is  essential.  The  distance  between  layers  depends 
upon  this  gradient.  They  have  shown  that  any  two  consecutive  layers 
are  on  the  confines  of  a  system  of  convection  currents  in  the  liquid  caused 
by  the  temperature  gradient. 

One  might  expect  that  the  phenomenon  would  cdso  take  place  in  any 
two  intermixing  fluids,  or  solids,  or  liquid  and  fluid,  just  as  in  the  present 
instance.  Attempts  by  the  author  to  produce  such  effects  in  water-vapor 
or  steam  and  air  in  1916  failed.  It  was  thought  that  this  case  might  be 
of  interest  in  the  formation  of  rhythmic  or  waves  of  douds.*  Experiments 
were  then  also  made  by  using  vapor  such  as  of  ammonia  and  hydrochloric 
acid  which  would  enable  one  to  see  clearly  the  process  of  diffusion. 

I  wish  now  to  describe'  the  results  of 
a  few  experiments  which  show  that  under 
suitable  conditions  a  similar  periodic 
formation  will  take  place  quite  readily 
in  vapors.  The  vapors  whose  behavior 
in  this  respect  were  first  accidently  no- 
ticed are  those  of  hydrochloric  add  and 
ammonia.*  If  small  vials  (a,b)  containing 
ammonia  water  and  hydrochloric  acid  re- 
spectively are  placed  in  an  enclosure  C  as 
shown  in  Fig.  1  there  will  ensue  diffusion 
of  the  vapors  throughout  the  enclosure. 
Dming  the  diffusion  of  the  vapor  of  one 
vial  into  the  other  vial  the  resulting  pre- 
dpitate  will  be  deposited  in  a  rhythmic  manner  upon  the  inner  walls  of 

^  Mendenhall  and  Mason,  paper  read  before  the  annual  meeting  of  die  Americaii 
Academy  of  Arts  and  Sciences,  1921. 

*  The  common  explanation  of  these  is  that  due  to  Helmholtz  stating  that  the 
'  predpitation  is  caused  by  low  temperature  of  an  adjacent  region  into  which  the  water 

vapor  is  carried  by  ripples  in  the  air. 

*  These  vapors,  among  the  best  to  make  the  coursie  of  convection  currenta  apparent, 
were  used  to  bring  out  the  dark  space  around  a  hot  wire.  [See  J.  Franklin  Inst.^  192| 
737(1821).! 
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one  of  the  vials  as  is  also  indicated  in  Pig.  1,  d.  The  depositioi;  invaria- 
bly takes  place  on  the  walls  of  the  vial  containing  the  hydrochloric  acid. 
In  all  cases  where  I  have  observed  this  formation  there  has  been  a  lateral 
temperature  gradient  of  rather  marked  degree,  and  it  appears  that  this 
is  essential  to  the  process  just  as  Mendenhall  and  Mason  have  observed 
in  case  of  solids  suspended  in  liquids. 

The  distance  between  the  rings  of  precipitate  depends  upon  the  tem- 
perature gradient,  and  seemingly  upon  the  time  interval  between  the  be- 
ginning of  the  diffusion  of  the  vapors  into  each  other  and  the  setting 
in  of  the  temperature  gradient.  When  the  vials  are  left  trndistm-bed 
and  the  external  thermal  conditions  are  changed  the  deposits  also  change. 
The  rings  of  the  precipitated  salt  are  sharply  defined  and  lie  parallel 
to  the  surface  of  the  liquid.    Under  the  conditions  where  the  rings  were 


Fig.  3. 

first  observed,  namely,  after  an  intense  beam  of  light  had  been  passing 
through  the  enclosture,  there  were  6  or  8  rings  to  the  centimeter.  On 
other  occasions  there  were  more  or  less  than  this,  the  interval  ranging  from 
more  than  a  centimeter  to  a  fraction  of  a  millimeter.  In  one  instance  the 
rings  were  so  nmnerous  that  they  could  only  with  diflBculty  be  distinguished 
by  the  tmaided  eye.  In  the  latter  case  they  formed  overnight  in  vials 
which  had  been  standing  in  the  window  exposed  to  intense  heat  of  the  sun. 
The  distance  between  the  successive  rings  is  seldom  constant  (Fig.  1),  but 
increases  or  decreases  gradually  from  the  lowest  upward;  or,  several  such 
systems  may  appear.  Reference  has  been  made  to  the  deposit  only  as 
rings  upon  the  inner  walls  of  the  vial.    These  rings  have,  however,  more  or 
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less  extension  radially,  and  in  fact  may  be  complete  disks,  seen  edgewise. 
In  the  latter  case  the  rings  mark,  as  it  were,  cellular  partitions  in  the  tube. 
The  uppermost  ring  in  one  experiment  (Pig.  3)  shows  such  a  partitioning 
film,  which  instead  of  remaining  horizontal,  had  become  conical  after 
extending  beyond  the  edge  of  the  vial.  The  convection  currents  near 
the  mouth  of  the  vial  were  not  horizontal.  Within  the  vial  each  cell 
marks  the  botmdaries  of  a  system  of  vertical  and  horizontal  convection 
currents,  the  necessary  elements  for  the  formation  of  which  are  a  lateral 
temperature  gradient  and  a  vertical  density  gradient. 

When  these  conditions  are  changed,  even  after  a  definite  system  of 
rings  has  formed,  the  rings  will  be  readjusted,  disappearing  from  the 
original  location  to  reappear  elsewhere;  and,  after  several  hours,  a  new 
system  may  have  succeeded  the  old.  It  required  from  6  to  8  hours  for 
a  complete  system  to  form,  but  it  is  at  times  noticeable  very  much  sooner 
than  this. 

The  question  may  be  asked:  What  part  does  the  ammonia  play  in  the 
stratification?  It  is  very  probable  that  it  plays  no  part,  if  the  explanation 
above  given  of  the  stratification  is  correct,  viz,,  that  it  is  the  resultant 
of  two  density  gradients  one  due  to  gravity  vertically,  and  one  due  to 
temperature  laterally,  together  with  the  buoyant  forces  in  the  fluid.  The 
stratification  may  then  be  already  present  in  the  vial  containing  the  hydro- 
chloric acid  vapors  and  air.  The  diffusion  of  the  ammonia  into  the  vial 
is  merely  a  means  of  making  this  stratification  apparent.' 

It  would  seem  that,  given  the  proper  conditions,  one  may  expect  this 
same  phenomenon  of  stratification  to  take  place  in  piu-e  gases  that  differ 
in  density.  Such  cases  may  have  meteorological  significance.  Finally, 
it  may  be  of  interest,  too,  to  note  that  stratification  in  gas  storage  tanks 
is  well  known  to  gas  engineers. 
Nbi^  Park,  Ci^svbi^and,  Omo 

[Contribution  prom  thb  Laboratory  of  Physical  Chemistry  op  Odbma 
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NEGATIVE  VISCOSITY 

By  Aoou^h  I.  Rabinovich 

Received  August  25. 1021 

The  phenomenon  which  has  received  the  wrong  name  of  "negative 
viscosity"  consists  in  the  tendency  of  certain  salts  to  lessen  the  viscosity 
of  water,  when  dissolved  in  it.  If  we  take  the  viscosity  of  water  as 
unity,  the  viscosity  of  these  solutions  will  be  less  than  unity,  in  some 
cases  by  24%,  but  of  course  not  truly  negative. 

In  non-aqueous  solutions  the  phenomenon  of  negative  viscosity  oc- 
'  (Note  added  March  1, 1922.)  It  appears  that  Dr.  W.  H.  Chapin  of  Oberlin  Col- 
lege, in  using  ammonium  chloride  and  hydrochloric  acid  vapors  to  illustrate  the  laws  of 
difTusion,  had  also  observed  and,  I  am  told,  exhibited  this  phenomenon  in  1917. 
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cms  veiy  seldom.  It  has  been  observed  so  far  only  in  glycerol  for  po- 
tassium iodide,^  ammonium  iodide,  and  rubidium  chloride,  bromide, 
nitrate  and  iodide,*  and  for  naphthalene  in  alcohols.' 

Many  attempts  at  theoretical  explanation  have  been  made  but  none 
of  them  seems  to  be  quite  satisfactory.  Lack  of  space  prevents  submitting 
them  to  critical  examination,  and  therefore  only  the  different  factors 
acting  upon  the  viscosity  of  solutions  and  especially  those  factors  which 
are  able  to  lower  the  internal  friction  of  the  solvent  will  be  considered  here. 

1.  One  of  the  important  factors  which  determine  the  viscosity  of 
solutions  is,  obviously,  the  initial  viscosity  of  the  solvent.  However,  as 
this  paper  discusses  only  the  relative  viscosity  of  solution's  (taking  the 
internal  friction  of  the  solvent  as  unity),  this  factor  will  not  be  further 
considered. 

2.  The  viscosity  of  the  solute  or  the  internal  friction  of  the  solution  is 
not  strictly  an  additive  ftmction  of  the  coefficients  of  the  components. 
All  attempts  to  calculate  accurately  the  viscosities  of  liquid  mixtures 
on  this  basis  have  proved  imsuccessful,*  but  the  certain  influence  of  the 
viscosity  of  the  solute  on  the  internal  friction  of  the  solution  is  tmdeniable. 
In  aqueous  solutions  of  salts  it  manifests  itself  in  the  high  internal  friction 
of  very  concentrated  solutions,  even  of  those  salts  which,  at  smaller  con- 
centrations, lower  the  viscosity  of  water. 

When  the  viscosities  of  very  strong  solutions  of  different  salts  are  com- 
pared, the  dependence  of  viscosity  in  solutions  upon  the  viscosities  of  the 
respective  salts  in  the  fused  state  becomes  dear. 

Tabi^b  I 

Viscosities  of  Concsntratbd  Soi^utions  and  Fussd  Salts 

Salt  iy  of  fused  salt  at  /        iy  of  11.5  i\rsol.  at  25**     i|«*at25'* 

Cg.  ^C.  Cg. 

!   2.477  162  ] 

1.980  185  [  0.0452  2.5 

0.9     extrap.  to  282  I 
60.9  2821  0.2769  153 

34.7  301 J 

The  data  for  fused  salts  are  taken  from  the  work  of  Foussereau*  for 
solutions,  but  the  calculations  are  mine.  The  figure  for  ammonium 
nitrate  at  262  is  extrapolated,  using  the  known  temperature  coefficient 
of  viscosity.    The  enormous  difference  in  the  internal  friction  of  equiva- 

*  Gctman,  Tras  Journal,  30, 1077  (1908). 

*  Jones  and  Davis,  Carnegie  Inst,  Pub.,  180, 191  et  seq.  (1913). 
'  W.  Ostwakl,  "Gnmdriss  der  KoUoidchem."  2nd  ed.,  p.  180. 

*  For  bibliofraphy  see  the  paper  of  Paiist,  Z.  physik.  Chem.,  79, 97  (1912). 

'  m  is  the  relative  viscosity  of  solution  compared  with  the  viscosity  of  water  at  the 
same  tempctature  taken  as  onity. 

*  Poussereau,  Ann.  chim.  phys.,  (6]  5, 241  (1885). 
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lent  solutions  at  25  **  corresponds  dosely  to  the  similar  difference  in  fused 
salts,  at  262*. 

3.  Hydration  increases  the  viscosity  of  solutions.  For  most  of  them 
i\a  (the  relative  viscosity)  rises  with  rising  temperature.  Only  those 
whidi  contain  highly  hydrated  salts  (of  Uthitun,  calcium  and  magnesium) 
diminish  their  relative  viscosities  when  heated,  owing  to  the  thermal  de- 
composition of  hydrates.  Furthermore,  when  a  comparison  of  salts  with 
a  common  anion  is  made  it  is  seen  that  the  highly  hydrated  cations  in- 
crease to  a  large  degree  the  viscosity  of  water  in  a  norma]  solution,  while 
the  least  hydmted  diminish  it. 

Tabls  II 
Hydration  Numbbrs  of  Cations 

Chlorides                       timof  N  sol.  Hydration  number^ 

Cs                     *          0.9775  very  small 

Rb                              0.9846  small 

K                                 0.9872  22 
NH4                             0.9884* 

Na                               1 .0973»  70 

Li                                 1.1423  158 

Jones^®  has  interpreted  this  series  in  the  directly  opposite  manner, 
taking  into  accotmt  only  the  atomic  volumes  of  ions,  without  their  hydrate 
envelopes.  With  regard  to  the  mechanism  of  the  increase  in  viscosity 
by  hydration,  it  will  be  sufficient  to  call  attention  to  the  increase  of  the 
real  concentration  of  the  solution,  t.  e.,  the  diminution  in  the  amount  of 
free  solvent,  because  a  part  is  required  for  the  formation  of  solvates  (namely, 
hydrates)  with  the  solute. 

4.  The  formation  of  complex  ions  and  molecules  iricreases  the  viscosity 
when  the  volume  of  the  complex  ions  is  larger  than  the  sum  of  the  volumes 
of  the  simple  ions  composing  it,  and  decreases  the  viscosity  in  the  opposite 
case.  Experimental  evidence  for  these  volume  changes  could  be  obtained 
from  the  change  of  relative  viscosity  with  temperature,  if  the  influence 
of  temperature  on  the  degree  of  complexity  of  some  ions  could  be  learned. 
Unfortunately,  the  only  available  data,  those  of  Gordon^^  for  oftHtnittrn 
salts,  do  not  make  it  possible  to  solve  this  problem.  In  this  connection, 
my  own  observation  may  present  a  certain  interest,  namely,  that  strong 
solutions  of  cadmium  bromide  show  a  decrease  in  relative  viscosity, 
when  the  temperature  is  raised  from  25^  to  50^. 

5.  The  electric  fields  of  the  ions  may  also  affect  the  viscosity  of  so- 
lutions but  cannot  possibly  diminish  it,  as  Euler^'  supposed.    The  immedi- 

7  According  to  Riesenfeld  and  Reinhold,  Z.  physik.  Chem.,  66, 672  (1909). 

s  Kanitz,  ibid,.  22, 336  (1897). 

•  Reyhcr.  ibid.,  2,  744  (1888). 

>«  Jones,  Camegie Inst,  Pub.,  SO*  p.  213;  Am.  Chmn.  J.,  37, 405  (1907). 

''  Gordon,  Z.  phyHk.  Ckem.,  23, 469  (1897). 

"  Kukr.  ibid.,  25,  536  (1898). 
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ate  influence  of  the  ionic  electric  fields  upon  the  internal  friction  of  the 
liquid  should  result  in  an  increase  in  viscosity  owing  to  the  attraction 
between  the  electric  charges  on  ions  and  the  induced  chatges  of  opposite 
sign  on  the  neighboring  particles  of  the  liquid,  as  has  been  shown  by  Suther- 
land.^' Perhaps  these  attractions  are  manifested  only  in  the  formation, 
around  the  ions,  of  more  or  less  stable  envelopes  of  solvent  particles, 
i,  e.,  in  solvation  or  hydration. 

6.  A  very  important  factor  in  the  viscosity  of  solutions  is  depoly- 
tnerization^*  of  the  associated  solvent,  especially  of  water,  by  dissolved 
substances.  The  theory  of  depoljrmerization  may  be  stated  thus:  some 
liquids,  such  as  water,  glycerol,  the  alcohols,  the  organic  acids,  etc.,  con- 
tain associated  or  pol3rmerized  molecules  which  may  dissociate  into  simple 
ones  imder  the  influence  of  temperatiu"e  or  pressiu-e  increase  or  upon  the 
introduction  of  dissolved  substances.  It  is  generally  accepted  that  such 
association  exists.  We  do  not  possess  as  yet  an  accurate  method  of  de- 
termining the  composition  and  the  relative  amounts  of  different  polymers 
composing  an  associated  liquid,  but  many  formulas  enable  us  to  find  ap- 
proximately the  mean  factor  of  association.^*  The  same  formulas  which 
give  inconsistent  absolute  values  for  this  factor  at  a  given  temperature 
show  concordant  values  for  its  decrease  with  rising  temperatiu-e. 

Change  of  pressure  increases  or  decreases  the  factor  of  association  of 
liquids  in  proportion  to  the  relative  size  of  the  polymer  and  sum  of  the 
simple  particles  of  a  given  liquid.  In  the  case  of  water  the  relative  sizes 
of  particles  of  both  kinds  may  be  obtained  by  comparing  the  specific 
volume  of  liquid  water  with  that  of  ice  which  is  composed  of  more  com- 
plex molecules.  This  has  frequently  been  done."  Ice  has  the  smaller 
density  and  the  larger  molecular  volume;  i.  e.,  the  polymerization  of 
water  is  accompanied  by  dilatation.  This  is  indicated  by  the  increase  of 
the  coefficient  of  thermal  dilatation  of  water  with  heating.  At  lower 
temperatures  the  normal  thermal  dilatation  is  counterbalanced  by  the 
volume  contraction  caused  by  depolymerization.  The  effect  of  contraction 
can  even  exceed  that  of  dilatation.  This  is  the  case  below  4®.  At  higher 
temperatures  depolymerization  decreases,  owing  to  diminution  in  the 
number  of  associated  particles,  and  the  coefficient  of  dilatation  approxi- 
mates its  normal  value. 

Thus,  every  poljrmerized  molecule  of  water  has  a  larger  volume  than  the 
sum  of  the  volumes  of  simple  particles  composing  it.  If  we  represent 
the  process  of  depol)mierization  of  water,  (HjO)„  ^==^  w(HjO),  as  an  ordi- 

u  Sutherland,  PhU,  Mag.,  [6]  14»  1  (1907). 

^*  The  dissociation  of  molecular  aggregates  into  simple  particles. 
'^  "  Sec  the  paper  by  D.  Tyrer,  Z.  physik,  Chem.,  80,  50  (1912),  and  later  papers  by 
the  same  author  in  different  journals. 

>«W!tt,  Kg.  Weiensk.  Akad.  FIfrK  1900,  6a    Sutherland,  PhU.  Mag,,  [5]  50, 
460  (1900).    Hudson,  Phys.  Rev.,  21, 16  (1905).    Dudauz.  J.  chim.  pkys,,  10,  7a  (1012). 
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nary  process  of  dissociation  (let  us  assume  it  to  be  isothermal),  we  .can 
apply  to  it  the  well-known  equation  of  Planck*^ 

bjlnK)        ^  ^ 
bp       "        RT 

from  which  it  follows  that  if  dissociation  runs  as  it  does  here,  under  the 
volume  contraction  (At;  <0),  the  constant  K  and  the  degree  of  dissocia- 
tion increase  with  rising  external  pressure  p. 

The  same  conclusion  can  be  reached  by  applying  the  principle  of  Le 
Chatelier-Braim  in  the  improved  form  given  to  it  by  Ehrenfest.^' 

The  depolymerization  eflFect  of  dissolved  substances  can  be  deduced 
from  the  eflFect  of  temperature  and  pressiu-e  by  means  of  a  rule  enunciated 
by  Tammann:"  the  introduction  of  soluble  substances  changes  many 
properties  of  water  such  as  its  thermal  dilatation,  the  temperature  of 
maximum  density,  the  compressibility,  the  specific  heat,  etc.,  in  the  same 
manner  as  does  external  pressure.  Tammann  explains  this  by  the  ap- 
pearance of  a  real  force,  which  he  calls  ''internal  pressure"  (Binnendruck), 
and  which  is,  in  its  action,  analogous  to  external  pressure. 

The  existence  of  such  a  force  is  quite  probable,  but  Tammann  over- 
estimatied  its  importance  when  he  believed  it  to  be  the  only  one  existing 
between  the  solvent  and  solute.  This  is  shown  by  the  discrepancy  ob- 
served between  the  values  of  internal  pressure  when  calculated  by  two 
different  methods,  amounting  to  20-26%  (in  both  directions)  and  even 
to  85%  in  one  case.  Moreover,  solution  of  the  alcohols  in  water  lowers 
its  internal  pressure  instead  of  increasing  it,  as  would  be  expected  if  Tam- 
mann's  effect  were  really  the  measure  of  attraction  between  the  components 
of  the  solution. 

The  relations  described  by  Tammann  can  be  better  explained  by  the 
theory  of  depolymerization,  since  the  latter  gives  a  simple  and  clear 
picture  of  the  process,  whereas  Tammann's  explanation  is  a  purely  formal 
description.  Some  facts  (like  the  above-mentioned  lowering  of  the  in- 
ternal pressure  of  water  by  alcohols),  which  are  in  contradiction  to  Tam- 
maun's  view,  can  be  readily  accounted  for  on  the  basis  of  the  theory  of 
depolymerization.  Thus,  this  theory  is  in  perfect  accord  with  the  fact 
that  a  given  solute  has  greater  effect  in  raising  the  internal  pressure  the 
greater  the  association  of  the  solvent  (water  >  alcohol  >  ether  >  carbon 
disulfide). 

Certain  experimental  data  also  strongly  support  this  theory,  such  as 
cryoscopic  determinations  made  on  highly  concentrated  solutions,  where 
water  can  be  considered  as  the  solute.    Thus  it  has  been  shown  by  Jones 

"  M.  Planck,  "Thermodynamik,"  4th  ed.,  1913,  p.  235. 
"  Ehrcnfest  Z-  physik.  Chetn.,  77,  227  (1911). 

»  Tammann,  "Ueber  die  Beziehungen  zwischen  den  inneren  Kraften  und  Eigen- 
3chaften  der  Ldsungen,"  1907. 
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and  Murrey***  that  when  the  molar  concentration  of  water  in  acetic  acid 
changes  from  12. 65  to  0. 64,  its  molecular  weight  falls  from  38. 8  to  21 . 7. 
In  formic  acid  water  has  the  molecular  weight  21 . 9  in  a  6. 18  AT  solution, 
and  19. 7  in  a  0. 93  N  solution. 

Rozsa^^  has  shown  that  the  degree  of  association  of  water  falls  in  acetic 
acid  from  1.80  to  1.03  when  the  concentration  changes  from  15.13  to 
0.213%,  while  in  phenol  it  changes  from  1.80  to  1.02  when  the  concen- 
tration diminishes  from  16. 10  to  0.406%. 

It  should  be  possible  to  make  indirect  cryoscopic  determinations  with 
inorganic  salts  as  a  solvent  and  small  amounts  of  water  as  solute,  thus 
measuring  the  solubility  of  salts  at  high  temperatures.  The  depression 
of  the  melting  point  would  correspond  then  to  the  freezing-point  depression. 
For  most  salts  these  determinations  would  have  to  be  made  imder  pressure 
to  prevent  the  evaporation  of  water  at  the  high  temperatures  approxi- 
mating the  melting  point  of  the  salt.  Such  is  the  curve  for  silver  nitrate 
drawn  by  Etard^^  for  temperatures  of  198°. 

Unfortunately,  these  and  similar  measurements  cannot  be  used  to  prove 
the  depolymerizing  influence  of  the  change  of  concentration,  as  a  quite 
analogous  action  is  produced  by  pressure  increase. 

Far  better  results  could  be  obtained  with  the  double  salt  silver  thallium 
nitrate,  which  is  misdble  with  water  in  all  proportions  and  melts  at  82 . 5  °. 
The  quantity  of  this  salt  at  my  disposal  was  not  great  enough  to  allow 
cryoscopic  determinations  to  be  made. 

Duclaux*'  indicated  the  depolymerization  of  water  by  dissolved  sub- 
stances, using  a  colorimetric  method.  He  showed  that  the  change  of 
color  of  water  to  greenish  was  the  same  whether  he  raised  its  temperature 
or  dissolved  in  it  various  salts.  As  the  first  influence  is  known  to  cause 
depoljrmerization,  the  author  concluded  that  this  is  also  the  case  with  the 
second. 

Of  the  possible  causes  of  depolymerization  of  water,  the  effect  of  the 
volume  of  the  dissolved  substance  may  be  mentioned  first,  as  it  is  always 
acting,    independently  of  the   kind   of  solute.    The  concentration   of 
the  solvent  is  always  diminished  by  the  presence  of  the  solute.    If  we 
suppose  the  mass-action  law  to  be  at  least  qualitatively  applicable  to  the 
equilibrium  between  simple  and  polymeric  molecules,  the  decrease  in 
concentration  must  favor  the  decomposition  of  aggregates,  i.  e.,  depoly- 
merization.   If  Vi  is  the  molecular  volimie  of  the  solute,  Vo  that  of  the 
solvent,  V  that  of  the  solution,  then  Vq<V  <Vo  +  Vi,    The  influence 
is  evidently  the  greater,  the  larger  Vi  and  the  smaller  the  contraction  upon 
solution,  that  is  (Vo  +  Vi)  —  V.    Such  is  the  case  with  cane  sugar, 
«•  Jones  and  Murrey,  Am.  Chem.  J.,  30, 193  (19a3). 
»»  Rozsa,  Z.  Elektrochem..  17, 934  (1911). 
»  Etard,  CompL  rend.,  108,  176  (1889). 
"  Duclaux  and  Wollman,  J.  Physik,  [5]  2,  263  (1912). 
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wfaidi  causes  stroog  depdymerizatioo  of  water,  as  far  as  we  can  judge 
of  it  by  the  lowering  of  the  temperature  of  manmum  density. 

The  second  possible  cause  of  depoiynierization  is  the  effect  erf  the  hy- 
dration of  the  sohite  in  taking  away  a  part  of  the  solvent  wfaidi  is  connected 
to  the  scrfnte  particles  and  lessening,  therefore,  the  solvent  concentration. 
Its  neccssafy  consequence,  according  to  the  mass-action  law,  is  the  dis- 
placement of  eqtiilibrimn  towards  simple  mokcnles.  This  factor  has  been 
considered  by  Tranbe."  Blandiard^  and  Boosfidd.^ 

Third,  a  series  of  investigations  has  indicated  that  the  degree  of  as- 
sociation of  highly  associated  substances  is  lowered  materially  when  they 
are  dissolved  in  solvents  possessing  high  dielectric  constants.  On  the 
other  hand,  a  solute  of  high  dielectric  constant  must  cause  the  depoiy- 
nierization of  the  solvent,  especially  in  concentrated  scdutions.  Among 
soluble  substances,  inorganic  salts  are  remarkable  for  their  high  dielectric 
constants.  Thus,"  the  dielectric  constant  of  potassium  nitrate  is  2. 56;  po- 
tassium diloride,  4.94;  sodium  nitrate,  5.18;  sodium  dikride,  6.12-6.29; 
and  lead  diloride,  4.20.  At  the  first  glance,  it  would  seem  tiiat  these 
dielectric  constants  are  very  small  in  comparison  with  that  of  water 
irindi  is  about  SO.  However,  these  values  are  for  the  sc^d  state  and,  in 
the  case  of  water,  solidification  causes  the  dielectric  constant  to  decrease 
from  80  to  3.2."  It  is  apparent  that  aD  the  above-named  salts  (except 
perhaps  potassium  nitrate)  possess  hi^ker  dielectric  constants  than  does 
water,  when  considered  in  comparable  states. 

Walden^  arrived  at  the  same  conclusion  from  measurements  of  dielec- 
tric constants  of  concentrated  scdutions. 

Some  of  the  theories  of  negative  viscosity  ascribed  this  effect  to  elec- 
trostriction  due  to  the  electrical  charges  on  the  ions.  However,  many  facts 
are  known  which  are  quite  incompatible  with  the  condusion  from  Drude 
and  Nemst's**  theory  ai  ekctrostriction,  that  the  total  dissociation  of 
one  gram  mxA  of  every  salt  must  cause  the  same  contraction.  Some  salts 
give  values  very  different  from  the  mean,  and  many  salts  of  ammonium, 
lithium,  cesium,  etc.,  even  produce  dilataticn  instead  of  contraction. 
This  suggests  the  idea  that  changes  in  volume  upon  solution  of  other  salts 
are  also  caused  by  other  factors  than  electrostridion.  The  theory  of 
electrostricticHi  is  based  upon  the  assumption  that  every  dielectric  con- 
tracts under  the  influence  of  electrical  polarization,  if  its  dielectric  con- 
stant increases  under  compression.    AH  attempts,  however,  to  observe 

«*  Traube,  Pkd.  Mac.,  161  8, 158  (19(>4V 

»  Blmdiard,  Tms  Journal,  26,  1315  (1904). 

•  Boiis6dd,  Trams  Roy.  Soc.  (London^.  206A,  101  (1906V 
^  LandoH-BanBtcin,  "TabcUen."  3rd  cd..  p  766. 

»  Aben,  Wied.  Anm.,  65, 229  (1898). 

»  Walden.  BuU.  Acad.  Sci.  Pitrotrad,  64, 305,  1055  (1912^ 

•  Drnde  and  Xemst,  Z  pkysik  Chem.,  15, 79  (1894). 
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directly  the  compression  of  water  under  the  influence  of  electrical  charges, 
made  by  Quincke,**  Roentgen**  and  Drude  and  Nemst,*®  proved  unsuccess- 
ful. Therefore  we  cannot  regard  as  established  the  existence  of  electro- 
striction  and  its  depolymerizing  acticHi  upon  water.  Depolymerization 
is  rather  the  result  of  volume  changes  upon  solution  (decrease  of  water- 
concentration),  of  hydration  and,  especially  in  the  case  of  dissolved  salts, 
of  the  high  dielectric  constant  of  the  solute. 

It  will  now  be  shown  that  depolymerization  is  really  able  to  lessen 
the  internal  friction  of  water,  i,  e,,  to  be  the  cause  of  "negative  vis- 
cosity." 

Applebey**  stated  that  viscosity  is  increased  by  the  presence  of  polymer 
molecules  and,  generally,  of  particles  of  large  size,  because  (1)  high  values 
of  viscosity  are  characteristic  of  associated  liquids;  (2)  the  viscosity  of 
water  falls  more  rapidly  in  the  interval  0-50**  with  temperature  increase 
than  at  higher  temperatures,  as  heating  produces  here  two  effects  which 
are  additive,  namely,  the  ordinary  decrease  of  viscosity,  and  depoljrmeri- 
zation  which  also  tends  to  diminish  viscosity;  (3)  pressure  lowers  the  vis- 
cosity of  water,  as  has  been  proved  by  Roentgen,**  Warburg  and  Sachs,** 
Cohen'*  and  others^  (4)  different  ions  change  the  viscosity  of  water  in 
the  reverse  order  of  their  mobilities. 

The  dependence  of  viscosity  upon  the  size  of  particles  can  also  be  treated 
in  a  purely  theoretical  way.  Einstein'^  has  deduced  from  the  fundamental 
equations  of  hydrodynamics  a  relation  determining  the  viscosity  .jy  of 
a  system  composed  of  a  liquid  of  the  internal  friction  i/o  and  a  great  number 
of  suspended  solid  spheres  of  a  size  very  large  in  comparison  with  the  par- 
ticles of  the  liquid,  the  total  voliune  tp  of  these  particles  being,  however, 
but  a  small  part  of  the  volume  of  the  liquid  taken  as  unity. 

n=iyo(l  +  2.5^) 

This  equation  has  been  tested  on  systems  which  best  satisfy  the  named 
conditions,  i.  e,,  on  suspensions,  and  was  brilliantly  confirmed  in  some 
cases.  Bancelin**  in  the  laboratory  of  Perrin  applied  it  with  success  to 
suspensions  of  various  sized  granules  of  gamboge  in  water.  Experiments 
of  Mifka**  on  weak  coUdidal  solutions  of  noble  metals  also  gave  results 
which  do  not  contradict  this  formula.    In  other  cases  such  as  the  deter- 

"  Quincke,  Wied.  Ann.,  10, 521etseq.  (1880). 

»  Roentgen,  ibid.,  11, 771  ei  seq.  (1880). 

w  Applebey.  /.  Chem.  Soc.,  07, 2020  et  seq.  (1910). 

^  Roentgen,  Wied.  Ann.,  22,  610  (1884). 

»  Warburg  and  Sachs,  ibid.,  22, 618  (1884). 

»  Cohen,  ibid.,  45»  666  (1802). 

^  Einstein,  Drude's  Ann.,  19, 289  (1906);  34,  591  (1911). 

•  BanceHn,  Compt.  rend.,  152, 1382  (1911);  KoUoidZ.,  9, 154  (1911). 

»  Mifka,  SUzb.  Akad.  Wiss.  Wien,  Abi.  Ila,  120, 1173. 
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minationsof  Wondstra/^  Oden/^  Preundlich  and  Ishizaka,^'  and  Bingham 
and  Durham**  the  observed  values  of  iy  were  higher  than  those  calcu- 
lated using  the  formula  of  Einstein,  which  is  quite  natural,  as  Einstein's 
formula  was  deduced  under  assumptions  which  are  rarely  satisfied,  namely, 
the  large  relative  size  and  the  spherical  form  of  the  suspended  particles, 
total  absence  of  interaction  between  them  and  the  medium,  exceedingly 
small  concentration,  etc. 

Einstein  himself,  however,  made  a  successful  attempt  to  apply  his 
equation  to  a  system  of  a  notably  different  character,  a  solution  of  sugar 
in  water.  Combining  this  equation  with  his  well-known  formula  of 
diffusion,  he  calculated  the  size  of  sugar  particles  and  found  the  number 
of  particles  in  a  gram-molecule,  AT,  to  be  6. 56  X  10*',  a  figure  which  is  in 
good  accord  with  values  obtained  by  the  most  reliable  methods.  It 
does  not,  therefore,  seem  too  audacious  to  apply  the  equation  of  Einstein 
to  solutions  of  salts  in  water  and  to  water  itself,  as  a  system  of  large, 
associated  molecules  suspended  in  smaller  simple  water  particles.  It  is 
clear  that  in  such  a  case  associated  molecules,  having  larger  values  of 
(p,  cause  a  higher  viscosity  of  the  system.  Upon  their  dissociation  (or 
depolymerization),  <p  falls,  and  with  it  17. 

Jones**  has  put  forward  the  c^posite  view,  that  the  viscosity  of  water 
is  increased  by  depolymerization  owing  to  the  increase  of  the  ''total 
frictional  surface."  This  increase  in  frictional  surface  has  been  only 
assiuned  by  Jones,  but  even  if  it  should  be  proved,  the  conclusion  of  Jones 
could  not  be  regarded  as  correct,  as  he  connects  the  internal  friction  of 
a  solution  with  the  surface  of  particles  which  compose  it,  whereas  the 
equation  of  Einstein,  the  only  one  having  a  serious  theoretical  basis,** 
shows  that  t?  of  the  solution  is  a  linear  fimction  of  the  volume  of  the  par- 
ticles, not  of  their  surface. 

The  same  objection  may  be  urged  against  Jones*  theory  of  * 'negative 
viscosity"  caused  by  salts,  a  property  which  he  ascribes  to  the  decrease 
of  the  ''total  frictional  stuiace"  owing  to  the  introduction  of  large  particles 
of  salts  into  a  solvent  consisting  of  relatively  small  molecules. 

7.  The  depolytnerizaUon  of  the  solute  by  the  solvent  must  be  added 
to  the  factors  influencing  the  viscosity  of  solutions.  According  to  the 
above  considerations,  it  can  affect  the  viscosity  in  both  directions,  de- 
pending on  the  relative  sizes  of  polymer  and  simple  solute  particles. 

«  Wondstra.  Z,  physik.  Chem.,  63,  619  (1908). 

"  Oden,  NoDQ  Acta  R.  Soc.  Upsala,  [7]  3,  No.  4,  103  (1913). 

«>  Freundlich  and  Ishizaka,  KoUM  Z.,  12,  280  (1913). 

"Bingham  and  Durham,  Am,  Chem,  /.,  46, 278  (1911). 

«*  Jones  and  Veazey,  37,  iWrf.,  405  (1907);  Jones  ti  al.,  Carnegie  Inst.  Pub.,  80,  207, 
214,  225. 

«  Cf.  a  quite  (formally)  analogous  equation  of  Hatschek,  KoUoid  Z.,  7,  301  (1910), 
which  is  deduced  by  a  different  method. 
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The  fact  that  water  depolymerizes  salts  is  beyond  doubt.  All  osmotic 
methods  show  for  salts  dissolved  in  water  molecular  weights  less  than  nor- 
mal. This,  indeed,  is  due  to  electrolytic  dissociation,  but  if  the  salts  in 
water  should  be  highly  associated,  the  sum  of  the  molar  weights  should 
be  greater  than  unity,  as  is  the  case  for  the  same  salts  in  non-aqueous 
solutions. 

In  the  fused  state,  however,  most  salts  are  highly  associated,  as  has  been 
shown  by  Bottomley,^*  Walden*^  and  others.  Consequently,  solution 
in  water  lowers  their  degrees  of  association,  and  depol3rmerization  increases 
further  with  increasing  dilution. 

Arrhenius*'  states  that  depolymerization  of  solute  always  causes  an 
increase  of  viscosity;  the  opposite  phenonenon — coagulation  (i.  e.,  aggre- 
gation of  small  particles  into  large  ones)  diminishes  the  viscosity  of  the 
solution,  as  has  been  shown  for  some  suspensions  by  Wondstra^®  and  Oden.** 

This,  however,  is  far  from  general.  Freundlich  and  Ishizaka,**  working 
on  colloidal  aluminum  hydroxide,  and  Bingham  and  Durham,^'  working 
with  suspensions  of  infusorial  earth  and  graphite,  have  found  an  enormous 
increase  of  viscosity  to  take  place  upon  coagulation.  Changes  of  vis- 
cosity in  the  same  direction  have  been  found  by  Biltz  and  Vegesack** 
for  some  aniline  dyes  and  by  Friedlaender*®  for  emulsions  of  butyric  acid 
in  water.  This  shows  that  upon  coagtilation  different  substances  undergo 
volume  changes  in  opposite  directions.  Moreover,  many  conditions  may 
act  indirectly,  such  as  the  decrease  of  accuracy  of  determinations  owing 
to  the  clinging  of  suspended  particles  to  the  walls  of  the  capillary  tube, 
electrical  phenomena,  form  changes,  etc. 

If  all  such  factors  could  be  subjected  to  quantitative  estimation,  cal- 
culation of  the  viscosity  of  a  solution  might  be  attempted.  The  present 
state  of  our  knowledge,  however,  does  not  allow  this  to  be  done,  and  all 
attempts  to  make  such  a  calculation  over  a  wide  range  of  concentration, 
using  one  or  two  of  the  named  factors  only,  have  proved  imsuccessful.'* 

It  has  been  necessary,  therefore,  to  limit  this  paper  to  qualitative  con- 
siderations only,  concerning  the  causes  of  the  increase  or  decrease  of  the 
internal  friction  of  solvents  by  solutes,  and  a  determination  of  which 
of  the  enumerated  factors  of  the  viscosity  of  solutions  are  able  to  account 
for  the  phenomenon  of  ''negative  viscosity." 

The  viscosity  of  a  solute,  mentioned  in  the  last  paragraph,  cannot  be 
used  for  this  purpose,  as  it  can  act  in  both  directions  and  even  for  the  less 

«  Bottomley.  /.  Chem.  Soc,  83,  1421  (1903). 
«  Waldcn,  Z.  EUktfochem.,  14,  715  (1908). 
«  Arrhenkis,  Btochem.  /.,  11,  112  (1912). 
•  Biltz  and  Vegesack,  Z.  physik.  Chem.,  73, 500  (1910). 
"  Friedlacnder,  ibid.,  38, 430  (1901).    Rothmund,  ibid.,  63,  54  (1908). 
»i  See  the  works  of  Applebcy,  Ref.  33;  Einstein,  Ref.  37;  Grunetsen.  Wiss.  Abhandl. 
fteicksanstalt,  4,  237  (1905);  Bousfield,  Ref.  26. 
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viscotis  salts  exceeds  by  many  hundred  times  the  viscosity  of  water. 
Thus,  ammonitutL  nitrate  has  been  shown  to  have  the  coefficient  of  in- 
ternal friction  17  »  2.477  abs.  units  at  162^,  while  the  viscosity  of  water 
from  the  data  of  DeHaas**  at  142^  and  153^,  is  calculated  by  extrapolation 
to  162**  to  be  0.00172,  i.  e.,  1440  times  lower. 

The  depolymerization  of  the  salt  by  water  can  lower  the  viscosity  of 
the  solution,  but  only  in  comparison  with  the  salt  in  the  liquid  state  and  not 
with  the  solvent.  If  we  assume,  indeed,  in  the  case  of  ammonium  nitrate 
dissolved  in  water,  a  very  high  degree  of  association  of  the  salt,  its  total 
depolymerization  by  water,  and  the  largest  imaginable  influence  of  depoly- 
merization  upon  the  viscosity  of  the  solute,  assuming  total  depolymeriza- 
tion to  diminish  the  viscosity  as  much  as  10  times,  we  shall  find  the  theo- 
retical liquid  component  of  the  solution  to  be  still  140-150  times  more 
viscous  than  water.  This  is  true  notwithstanding  the  fact  that  salts  lower 
the  viscosity  of  water  in  an  indirect  way  when  they  are  present  in  a  suffi- 
ciently small  amount.  At  higher  concentrations  their  own  high  viscosity 
predominates,  and  "negative  viscosity"  is  no  longer  observed. 

Of  the  other  factors,  hydration  and  the  electrical  field  of  ions  are  able  only 
to  increase,  not  to  diminish,  the  initial  viscosity  of  water,  as  has  been  said 
above.  The  decomposition  of  complexes  can  diminish  the  internal  fric- 
tion in  some  cases,  but  only  with  regard  to  the  solute,  which  at  sufficiently 
great  dilutions  forms  but  a  small  part  of  the  whole  solution.  Only  the 
depolymerization  of  the  solvent,  i.  e.,  of  the  component  quantitatively 
prevailing  in  the  solution  and  therefore  materially  influencing  its  viscosity, 
is  able  to  produce  by  itself  negative  viscosity.*'  Other  factors  can  favor 
or  hinder  and,  in  many  cases,  overbalance  it,  giving  rise  even  to  a  positive 
viscosity  effect. 
Odbssa,  Russia 


»*  De  Haas,  Comm.  Leyden,  No.  12  (Landolt-Bdriistcin  "Tabellen,"  3rd  ed.,  p.  76). 

**  The  important  part  played  by  depolymerizatioii  has  been  acknowledged  by  many 
authors  and  most  clearly  expressed  by  Kraus.  Our  views  about  negative  viseosity  are  in 
full  accord  except  for  the  causes  of  depolymerization,  which  Kraus  ascribes  principally 
to  the  action  of  Tammann's  "Binnendruck." 
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The  two  methods  which  have  been  most  used  for  the  preparation  of 
electrolyte-free  colloidal  ferric  hydroxide  and  aluminum  hydroxide  are 
in  many  respects  unsatisfactory.  The  first,  in  which  the  hydroxide  is 
formed  by  the  hydrol3rsis  of  the  acetate  and  the  acetic  acid  removed  by 
vigorous  boiling  was  first  proposed  by  Crum^  in  1853  for  preparing  col- 
loidal aluminum  hydroxide.  Crum  failed  to  prepare  colloidal  ferric  hy- 
droxide by  this  method  but  P^an  de  Saint-Gilles'  succeeded  in  doing  so  in 
1855.  The  second  method  is  based  upon  the  peptization  of  the  freshly 
precipitated  hydroxides  by  their  respective  chlorides.  The  excess  of 
electrolytes  in  this  case  is  removed  by  dialysis.  This  method  was  first 
used  by  Graham*  in  1862. 

The  disadvantages  offered  by  each  of  these  methods  are  numerous. 
Either  prolonged  boiling  or  prolonged  dialysis  is  necessary  to  remove  the 
excess  of  electrolyte.  The  removal  of  electrolyte  is  always  far  from  com- 
plete. Graham  was  never  able  to  remove  the  last  1 . 5%  of  hydrochloric 
acid  from  his  sol  by  dialysis,  though  Nicolardot^  succeeded  in  reducing 
the  content  to  0. 16%.  Neidle  and  Barab^  by  hot  dialysis  obtained  sols 
of  ferric  hydroxide  containing  38.7  gram  equivalents  of  ferric  iron  to  1 
gram  equivalent  of  chlorine.  P^an  de  Saint-Gilles  was  unable  to  remove 
an  of  the  acetic  add  from  his  sol  for  he  found  that  if  the  boiling  were 
carried  too  far  precipitation  would  result.  The  degree  of  dispersion 
obtained  varies  widely.  That  of  the  Graham  colloid  changes  on  standing. 
It  is  almost  impossible  to  make  up  successive  sols  with  duplicated  proper- 
ties. This  is  shown  by  the  widely  different  properties  attributed  to  each 
by  different  investigators.  Both  require  low  concentrations  for  stable 
sols*.  Crum  recommended  a  concentration  of  not  over  0 . 1%  for  aluminum 
oxide. 

Weiser*  improved  the  method  of  Crum  and  P&m  de  Saint-Gilles  by  adding 
only  enough  acetic  acid  to  the  thoroughly  washed,  freshly  precipitated 
hydroxides,  to  peptize  them.    The  amotmt  of  acetic  acid  required  was 

»  Crum.  Ann,,  89,  les  (1853). 

*  Saint  Gilles,  Compt.  rend.,  40, 568  (1855). 
>  Graham.  /.  Chem,  Soc.,  15, 250  (1862). 

<  NIcolaixiot,  "Recherches  sur  les  sesquioxide  de  fer."     Thssis,  Paris.  1005. 

*  Neidle  and  Barab,  Tms  Journal,  39, 80  (1017). 

*  Weiser.  7.  Phys,  Ckem,,  24, 30. 277  (1920). 
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considerably  less  than  that  necessary  to  form  the  normal  acetates  and  he 
fomid  that  vigorous  boiling  for  from  25  to  40  hours  was  sufficient  to  re- 
move the  excess  of  acid. 

In  both  the  Graham  method  and  the  method  of  Weiser  the  freshly 
precipitated  hydroxides  are  used  as  a  basis  for  the  sol,  peptization  being 
effected  in  the  first  case  by  the  hydrochloric  acid  formed  in  the  hydrolysis 
of  the  chloride,  and  in  the  second  case  by  the  addition  of  small  amounts 
of  acetic  acid.  It  is  well  known  that  both  ferric  and  alimiinum  hydroxides 
may  be  peptized  to  a  certain  extent  merely  by  the  removal  of  the  pre- 
cipitating agent  by  thorough  washing  with  distilled  water.  The  washing 
of  these  precipitates  through  the  filter,  which  frequently  happens  in 
quantitative  analyses,  is  an  example  of  this.  Weiser  made  a  comparative 
test  of  the  peptizing  power  of  the  various  acids  and  of  water  on  aluminum 
hydroxide.  He  found  that  0.508  g.  out  of  0.750  g.  or  "about  68%  was 
peptized  by  5  cc.  of  0. 2  iV  acetic  add  while  0. 477  g.  out  of  0. 750  g.  or  about 
63%  was  peptized  merely  by  repeated  washings  with  distilled  water. 

Principle  Underlying  the  Present  Investigation. — The  above  data 
indicate  that  thorough  washing  is  about  as  effective  a  peptizing  agent  as 
dilute  adds.  If  complete  peptization  could  be  effected  by  thorough 
washing  it  would  appear  to  have  two  distinct  advantages  over  the  pepti- 
zation by  means  of  acids:  (1)  the  removal  of  the  electrolyte  set  free  in 
the  predpitation  of  the  hydroxides  (NH4CI)  would  be  more  complete, 
for  Weiser  and  Graham  were  obUged  to  discontinue  the  washing  as  soon 
as  peptization  started;  (2)  the  addition  of  a  peptizing  agent  and  its  con- 
sequent imperfect  removal  by  prolonged  dialysis  or  boiling  would  be  un- 
necessary. 

Several  investigators  have  demonstrated  the  possibility  of  throwing 
colloidal  partides  out  of  solution  by  means  of  a  high  centrifugal  force. 

Franklin  and  Freudenberger^  separated  the  colloidal  particles  of  platinum  and 
Prussian  blue  from  their  respective  sols  by  prolonged  application  (6-7  hours)  of  a  cen- 
trifugal force  of  1520  times  gravity. 

Friedenthal*  in  1G09  succeeded  in  separating  the  casein  from  cows'  milk  by  centrifu- 
gal force.  Peirin,*  by  fractional  centrifuging,  prepared  sols  of  gamboge  having  particles 
of  fairly  uniform  size.  He  failed,  however,  to  fractionate  colloidal  ferric  hydroxide  by 
this  means. 

These  results  indicate  the  possibility  of  removing  additional  amounts 
of  electrolyte  from  a  solution  by  washing  even  after  it  has  become  col- 
loidal, 

A  Sharpies  Laboratory  Supercentrifuge,  operated  by  an  dectric  motor 
at  32,500  revolutions  per  minute,  has  been  used  in  this  laboratory  for  the 
past  year  for  the  separation  of  a  highly  hydrated  emulsoid  complex  from 

7  Franklin  and  Freudenberger,  Trans,  Am,  EUctrochem.  Soc.,  8, 29  (1905). 

•  Friedenthal,  KoUoid  Z.,  15, 76  (1914). 

•  Perrin,  "Les  Atoraes,"  Libraire  Felix  Alean,  1914,  135. 
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suspensions  of  a  heavy  clay  subscnl.  It  was  considered  probable  that  by 
means  of  this  machine  washing  could  be  continued  until  enough  of  the  pre- 
cipitating agent  was  removed  to  make  possible  the  existence  of  the  hy- 
droxides in  a  stable  colloidal  condition,  comparatively  free  from  electro- 
lytes and  of  a  relatively  high  concentration. 

Experimental 

Removal  of  Deposit  from  the  Centrifuge  Bowl. — In  the  earlier  work  with  the  cen- 
trifuge the  material  deposited  in  the  bowl  was  removed  by  scraping  with  a  long  spatula. 
On  account  of  the  small  diameter  of  the  bowl  (6  cm.)  this  method  was  found  very  un- 
satisfactory when  one  wbhed  to  remove  the  total  content  very  carefully  and  in  the 
exact  order  in  which  it  was  deposited.  This  difficulty  was  overcome  by  means  of  a 
device  made  as  follows.  The  inside  diameter  of  the  bowl  was  carefully  measured,  its 
drciunference  calculated,  and  a  rectangular  piece  of  celluloid  prepared  which  was  of 
the  same  length  as  the  inside  depth  of  the  bowl  and  the  same  width  as  its  circumference. 
This  was  rolled  up  and  slipped  into  the  bowl.  Its  natural  resilience  held  it  firmly  against 
the  walls,  forming  a  uniform  celluloid  lining  or  sleeve.  After  making  a  run,  the  bowl 
bottom  was  removed,  a  long,  narrow  (6  mm.),  sharply  pointed  spataki  slipped  between 
the  sleeve  and  the  bowl  and  worked  around  the  entire  drcumference.  This  loosened  the 
sleeve  so  that  it  could  be  removed  by  seizing  the  two  edges  at  the  seam  with  a  small 
pair  of  pliers  and  exerting  a  steady  pull.  By  unrolling  the  sleeve  the  entire  contents  of 
the  bowl  become  visible.  Division  of  the  dtspoBit  could  be  made  at  any  point  at  whidi 
its  appearance  indicated  advisable  and  the  entire  deposit  removed  almost  quantitatively 
by  means  of  a  spatula. 

1.    Preparation  of  the  bon  Hydroxide 

In  preparing  the  colloidal  ferric  hydroxide,  ammonium  hydroxide 
was  added  to  a  concentrated  solution  of  ferric  chloride  (slowly  as  the 
neutral  point  was  being  approached)  with  constant  stirring  until  minute 
floccules  of  ferric  hydroxide  were  barely  visible.  The  more  granular 
precipitate  formed  by  adding  an  excess  of  ammonium  hydroxide  was  found 
to  be  more  slowly  reversible  than  that  obtained  by  the  above  procedure. 
The  precipitate  was  allowed  to  settle  and  was  washed  by  decantation  until 
it  commenced  to  bec(»ne  coUcndal.  This  solution  was  then  passed  through 
the  centrifuge  at  the  rate  of  about  3  liters  per  hour.  At  the  end  of  the 
run  the  sleeve  was  found  to  be  coated  with  an  extremely  finely  divided 
layer  of  reddish-brown  ferric  hydroxide.  This  material  was  removed, 
placed  in  a  mortar  with  a  little  water,  then  mixed  to  a  uniform  paste  with 
the  pestle.  This  procedure  facilitated  the  tmiform  dispersion  of  the 
oxide  when  it  was  poured  into  a  large  bulk  of  water  for  the  next  washing. 
After  being  thoroughly  washed  on  the  mechanical  shaker  with  1  to  2 
liters  of  water  the  suspension  was  passed  through  the  centrifuge  a  seccHid 
time  at  a  somewhat  slower  rate  than  at  first.  After  this  process  had  been 
repeated  four  times,  the  contents  of  the  bowl  could  be  divided  into  two 
distinct  parts,  (1)  a  yellowish-brown,  fairly  stiff  dqx>dt  on  the  lowest 
5  cm.  of  the  sleeve  which  graded  slowly  into  (2)  a  dark  red,  highly  hydrated, 
semifluid  deposit  which  was  barely  stiff  enough  to  adhere  to  the  sleeve 
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when  it  was  removed  with  considerable  care.  The  deposit  of  the  dark 
red  oxide  was  fairly  uniform  over  the  upper  three-fourths  of  the  sleeve. 

The  material  was  divided  into  two  fractions:  Sol  A^  which  included 
aH  the  yellowish-brown  oxide  from  the  bottom  of  the  bowl  up  to  the  point 
where  the  dark  red  material  was  apparently  homogeneous,  and  Sol  B, 
the  dark  red  material.  Sufficient  water  was  added  to  each  of  these 
separates  to  bring  them  to  such  a  consistency  that  they  could  be  readily 
removed  and  measured  by  means  of  a  pipet.  The  strength  of  the  sols 
was  then  determined  by  evaporating  10  cc.  to  dryness  on  a  water-bath, 
drying  at  105^  and  weighing.  After  being  standardized,  these  were  used 
as  stock  solutions  for  making  up  sols  of  any  desired  concentration.  The 
liquid  which  was  discharged  on  the  fourth  and  subsequent  washings 
(Sol  C)  was  a  beautiful  cherry-red  sol  which  gave  no  reaction  for  ionic 
iron  with  thiocyanate  or  ferrocyanide  and  only  a  very  slight  opalescence 
when  dissolved  in  nitric  add  and  tested  for  chlorides  with  silver  nitrate. 

Purity  and  Solubility. — Sol  B  when  dissolved  in  nitric  add"  likewise 
gave  only  a  bardy  perceptible  opalescence  with  silver  nitrate.  Its  color 
was  not  changed  by  the  addition  of  a  few  drops  of  potassitun  thiocyanate. 
A  dirty  brown  predpitate  was  formed  by  potassium  ferrocyanide  which 
assumed  a  greenish  tinge  on  standing.  The  addition  of  one  drop  of  N 
hydrochloric  acid  produced  the  intense  blue  color  characteristic  of  the 
ferric  iron.  When  poured  into  concentrated  add  in  the  cold,  the  colloid 
flocculates,  but  on  heating,  the  coagulum  readily  dissolves. 

Another  sample  was  washed  seven  times  by  means  of  the  centrifuge 
and  analyzed  for  chlorides.  One  gram  equivalent  of  chlorine  was  found 
to  every  396  gram  equivalents  of  ferric  iron.  The  amount  of  chlorine 
could  doubtless  be  still  further  reduced  by  additional  washings. 

Stability. — All  three  sols  are  stable  on  standing.  If  the  first  2  cm. 
of  material  in  the  bottom  of  the  bowl  is  discarded  none  of  the  material 
in  Sol  A,  which  contains  the  largest  partides,  is  thrown  down  by  20  minutes' 
centrifuging  in  a  centrift^e  of  the  ordinary  tube  type  making  2,000  revo- 
lutions per  minute. 

By  boiling  on  the  water-bath  the  sols  may  be  reduced  to  an  almost 
syrupy  consistency  but  may  be  restored  to  their  original  concentration 
by  the  addition  of  water.  A  large  part  of  the  material  may  be  rather  easily 
brought  back  into  colloidal  condition  even  after  evaporation  to  dryness. 

Color  of  Sols. — ^The  color  of  the  sols  is  influenced  by  at  least  three 
factors:  concentration,  size  of  partide,  and  depth  of  the  liquid  examined. 
In  the  concentrated  stock  solutions  Sol  A  is  yeUowish-brown,  B  is  reddish- 
brown,  and  C  slightly  more  reddish  than  B.  On  dilution  to  the  proper 
extent  all  may  be  brought  to  a  red  color,  on  still  f tnther  diluticm  all  appear 
yellow.  This  holds,  of  course,  for  the  Graham  and  Pdan  de  Saint-*Gdlles 
colloids  as  well.    All  three  sois  are  turbid  in  reflected  light  when  fairly 
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concentrated.  Sols  B  and  C  are  clear  in  concentrated  solutions  when 
examined  through  transmitted  light;  Sol  A  is  distinctly  turbid  in  con- 
centrated solutions  and  slightly  so  even  in  fairly  dilute  solutions. 

Color  of  Coagulum. — ^Because  of  the  influence  of  concentration  on 
the  color  of  the  sols  it  was  found  that  the  color  of  the  coagulum  was  a 
better  indication  of  the  relative  colors  of  the  particles  in  the  sols.  Five 
cc.  each  of  Graham's,  and  P^an  de  Saint-Gilles'  colloids  and  of  Sols  A,  B, 
and  C  were  placed  in  test-tubes  andflocculatedby  means  of  aluminum  sul- 
fate. There  was  a  remarkably  uniform  gradation  in  color  from  the  brown- 
ish red  of  the  Graham  colloid  through  the  lesser  red  of  the  P^an  de  Saint- 
GiUes  colloid  to  the  yellowish  brown  of  Sol  A.  Prom  the  fact  that  Sol  A  was 
made  up  of  that  fraction  of  the  oxide  whidi  was  deposited  first  in  the 
bowl  of  the  centrifuge,  we  should  assume  that  it  was  made  up  of  the  largest 
and  least  hydrous  particles.  Sol  B  which  was  made  up  of  that  fraction 
deposited  in  the  top  of  the  bowl  would  be  naturally  made  up  of  somewhat 
smaller  particles  than  A.  S(d  C  whose  particles  were  not  thrown  down 
by  the  centrifugal  force  used  to  throw  out  the  others  would  be  expected 
to  be  the  most  highly  dispersed  of  the  three.  On  the  other  hand,  we  should 
expect  that  the  Graham  colloid,  which  in  this  case  was  prepared  by  pour- 
ing a  solution  of  ferric  chloride  into  boiling  water,  conditions  favoring 
extremely  rapid  hydrolysis,  would  be  the  most  highly  dispersed  of  the  lot. 
Sols  A,  B,  and  C  would  be  expected  to  be  less  highly  dispersed  since  they 
were  formed  by  peptizing  the  almost  visible  floccules  by  the  removal  of 
the  flocculating  ion.  These  results  bear  out  the  work  of  Weiser  and  others 
that  the  color  of  hydrous  iron  oxide  may  vary  from  red  to  yellow  depending 
upon  the  size  of  the  particles. 

n.    Preparation  of  the  Aluminum  Hydroxide  Colloid 

Sols  of  aluminum  hydroxide  have  been  prepared  in  a  w;ay  similar  to 
that  used  for  ferric  hydroxide  by  the  thorough  washing  of  the  hydroxide 
precipitated  from  aluminum  chloride  by  ammonium  hydroxide.  Since 
there  is  less  tendency  for  aluminum  hydroxide  to  come  down  in  the  granu- 
lar, more  slowly  reversible  form,  it  is  not  necessary  to  control  so  carefully 
the  amount  of  the  precipitating  agent.  The  addition  of  ammonium 
hydroxide  to  a  slight  excess  will  give  good  results. 

The  color  of  the  concentrated  stock  solutions  ranges  from  white  in  the 
case  of  Sol  A  to  bluish-white  in  the  case  of  Sols  B  and  C.  A  is  turbid 
in  transmitted  light,  B  and  C  are  dear. 

The  reactions  of  the  aluminum  sols  to  heat  and  acids  are  similar  to 
those  described  for  iron. 

Senritiveness  to  Polyvalent  Ions. — ^The  early  work  on  the  preparation 
of  colloidal  aluminum  hydroxide  is  full  of  references  to  its  extreme  sensi- 
tiveness to  polyvjdent  electrolytes.*  Previous  investigations**  have  indi- 
»•  Rose,  KoUoid  Z.,  15, 1(1914).    Weiser,  J.  Pkys.  Chem.,  24,  277(1020). 
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cated  that  the  precipitation  of  colloidal  alumintim  hydroxide  by  sulfates 
is  distinctly  different  from  the  precipitation  by  chlorides  or  nitrateSi  in 
that  repeated  washings  fail  to  remove  enough  of  the  precipitating  agent  to 
allow  the  precipitate  to  assume  colloidal  condition.  This  stimulated  a 
desire  to  find  out  whether  the  more  thorough  washing  used  in  this  investi- 
gation would  bring  back  the  precipitate  from  the  sulfate  into  a  stable 
colloidal  condition. 

A  concentrated  solution  of  aluminum  sulfate  was  precipitated  with  a 
sUght  excess  of  ammonium  hydroxide  and  allowed  to  stand  for  one  week. 
The  supernatant  liquid  was  poured  off,  distilled  water  added  to  replace 
it  and  the  precipitate  thoroughly  broken  up  by  stirring  and  by  shaking 
in  a  mechanical  shaker  for  15  minutes.  The  suspension  was  then  passed 
through  the  centrifuge  as  rapidly  as  possible  (1  Uter  per  minute).  All 
the  oxide  was  found  in  the  lower  fotuth  of  the  bowl.  This  was  removed 
and  mixed  to  a  pasty  consistency  in  a  mortar  with  a  Uttie  water.  This 
paste  was  then  poured  into  a  bottle  containing  2  Uters  of  water,  shaken 
as  above  described  and  centrifuged.  This  time  the  aluminum  hydroxide  was 
fotmd  deposited  higher  up  in  the  bowl,  indicating  that  a  longer  appUcation 
of  centrifugal  force  had  been  necessary  to  throw  it  down.  After  the  second 
washing  it  was  found  necessary  to  cut  down  the  rate  of  flow  through  the 
centrifuge  to  4  Uters  per  hour  in  order  to  throw  out  the  bulk  of  the  alumi- 
num hydroxide.  With  the  fourth  washing  the  rate  was  reduced  to  2 
Uters  per  hour;  and  some  aluminum  hydroxide  was  so  finely  dispersed 
that  even  this  appUcation  was  insufficient  to  throw  it  out  of  suspen- 
sion. 

When  the  celluloid  sleeve  was  removed  after  the  fourth  washing,  the 
upper  two-thirds  of  it  was  found  to  be  coated  to  a  depth  of  2  mm.  with  a 
transparent,  gelatinous,  deposit  of  aluminum  hydroxide  which  appeared 
bluish-white  when  removed  with  a  spatula.  This  material  was  found  to 
be  readily  miscible  with  water  in  aU  proportions,  forming  a  beautiful  bluish- 
white  sol  which  seemed  as  stable  as  that  formed,  from  the  chloride.  AU 
of  the  sulfate  ion  was  not  removed,  for  when  a  Uttie  of  the  concentrated 
sol  is  dissolved  in  hot  nitric  acid  and  barium  chloride  solution  added, 
on  standing  a  few  crystals  of  barium  sulfate  are  formed.  Whether  any 
more  sulfate  can  be  removed  by  further  washing  is  yet  to  be  determined; 
but  the  results  seem  to  show  conclusively  that  the  sulfate  ion  is  not  so 
strongly  adsorbed  by  the  precipitated  aluminum  hydroxide  but  that  it 
may  be  sufficiently  removed  by  washing  to  allow  the  altuninum  hydroxide 
to  go  into  a  stable  colloidal  condition.  It  also  indicates  that  the  pre- 
viously termed  **irreversibiUty**  is  due  to  the  adsorption  of  sulfate  rather 
than  to  the  formation  of  a  definite  chemical  compound,  which  is  in  ac- 
cord with  the  views  of  Bancroft  and  of  Weiser." 

».  Wciscr,  /.  Phys.  Chem.,  24, 277  (1920). 
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m.    The  Preparation  of  Colloidal  Silicic  Acid 

Silicic  add  sols  are  generally  prepared  by  pouring  a  solution  of  sodium 
silicate  into  an  excess  of  dil.  hydrochloric  acid.^'  The  soditun  chloride 
formed  and  the  excess  of  add  are  removed  as  far  as  possible  by  dialysis. 
Dialysis  is  usually  considered  complete  when  the  wash  water  3ridds  no 
test  for  chlorides  with  silver  nitrate.  Such  sols  have  a  strong  tendency 
to  gelatinize  and  gelation  is  so  difficult  to  revert  that  it  has  commonly 
been  considered  irreversible.  Several  other  methods  of  preparation  also 
have  been  used.^* 

The  preparation  of  a  sol  Of  aluminum  hydroxide  from  the  "irreversible" 
predpitation  of  the  hydroxide  in  an  excess  of  sulfate  ions  by  the  washing 
out  of  the  predpitating  agent  indicated  the  possibility  that  the  irreversi- 
bility of  silidc  add  gels  might  be  of  the  same  character.  Silidc  add  was 
predpitated  by  slowly  adding  dilute  hydrochloric  acid  (1 : 3)  to  dilute  (1 : 3) 
commercial  sodium  silicate.  Predpitation  occurred  before  neutralization  so 
the  solution  was  still  slightly  alkaline.  The  precipitate  was  washed  by  de- 
cantation  tmtil  most  of  the  chloride  was  removed,  then  all  lumps  were 
carefully  broken  up  and  the  mixture  was  passed  through  the  centrifuge 
at  the  rate  of  one  liter  per  minute.  The  washing  of  the  predpitate  was 
continued  until  practically  all  of  it  had  been  converted  into  the  colloidal 
condition.  This  occurred  after  15  washings.  Table  I  gives  detailed 
data  on  these  washings.  The  first  coltmm  shows  the  number  of  washings, 
the  second  the  rate  at  which  the  suspension  was  passed  through  the  cen- 
trifuge, the  third  the  approximate  amount  of  silicic  add  thrown  down, 
the  fourth  the  total  volume  of  wash  water  used,  the  fifth  column  shows 
the  degree  of  alkalinity  of  the  wash  water  expressed  in  terms  of  the  ntmiber 
of  cubic  centimeters  of  0.2  M  hydrochloric  add  necessary  to  neutralize 
100  cc.  of  the  wash  water  up  to  the  sixth  washing.  Thereafter  the  alka- 
linity is  expressed  in  terms  of  hydrogen-ion  concentration  determined 
colorimetricaUy  by  the  method  of  Gillespie  using  thymol  blue  as  indicator. 

It  was  necessary  to  cut  down  the  rate  of  addition  from  1000  cc.  per 
minute  to  350  cc.  per  minute  after  the  first  washing  in  order  to  throw 
down  the  more  highly  dispersed  material.  After  the  third  washing  a 
sol  of  fair  concentration  was  obtained.  After  four  washings  the  rate 
of  feed  was  cut  to  ^/lo  the  original  value  and  still  a  considerable  amount  of 
the  silidc  add  was  left  in  suspension.  Practically  all  chlorides  were 
removed  after  the  sixth  washing,  but  the  wash  water  was  still  alkaline 
{Pn  9.7).  After  15  washings  the  wash  water  was  still  alkaline  and  the 
hydrogen-ion  concentration  did  not  seem  to  decrease  further  as  long  as 

"  Graham,  PhU,  Trans.,  151,  183  (1861). 

"  Benditis  "Lehrbuch,"  3rd  ed.,  vol.  4.  II,  pp.  5, 122  (1883). 

G.  Crimauz,  Cof^pL  rend.,  98, 105  (1884). 

Deach,  "The  Chemistry  and  Testing  of  Cement,"  1911, 68.  /^  T 
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TabiaI 

Washing  tbh  Siuac  Acm  PxiK^xnTATit 

Total 

AHn  Unity 

volume  of 

ofwask 

i            Nature  of  wash  water 

Washing 

Rate 

Ftedpitate 

water 

water 

diacfaarged 

Cc 

•  per  min. 

Bowls  fuU 

Cc. 

Cc. 

1 

1000 

7 

5600 

6.2 

Fairly  dear 

2 

860 

6 

4000 

6.0 

Slii^tly  opalescent 

S 

200 

6 

4000 

6.8 

Vciy  opalescent 

4 

200 

4.5 

4000 

6.6 

Considerable  silicic  acid  ia 
coUoidal  condition 

6 

100 

4 

4000 

4.4 

6 

100 

3 

3000 

1.7 

rides 

7 

100 

3 

2000 

9  J] 

8 

100 

2.6 

2000 

9.5 

9 

100 

2 

2000 

9.4 

10 

100 

1.7 

1600 

9.3 

11 

100 

1.6 

1600 

9.1 

Clear  bluish-white  sol. 

12 

100 

1 

1000 

8.8 

13 

100 

1 

1000 

9.0 

14 

100 

0.75 

1000 

8.8 

16 

100 

0.6 

1000 

8.8J 

washings  were  continued  on  the  coarser  non-colloidal  material.  The 
last  four  washings  showed  a  hydrogen-ion  concentration  equivalent  to 
Ph  8.8. 

The  sols  discharged  on  the  tenth  and  subsequent  washings  were  poured 
together  yielding  a  mixture  with  a  Sdrensen  value  of  9.0.  One  liter  of 
this  mizture  was  acidified  by  adding  7  cc.  of  0. 2  M  hydrochloric  add.  It 
was  found  possible  to  throw  down  the  bulk  of  this  colloidal  silicic  add  by 
prolonging  suffidently  the  application  of  the  centrifugal  force.  This 
was  accomplished  by  cutting  down  the  rate  of  addition  to  25  cc.  per  minute. 
As  the  capadty  of  the  bowl  was  approzimatdy  300  cc.  each  part  of  the 
sol  was  subjected  to  a  centrifugal  force  30,000  times  gravity  for  12  minutes. 
The  silidc  add  thrown  down  was  resuspended  in  a  liter  of  distilled  water 
and  washed  again.  The  effect  of  the  repeated  washings  on  the  hydrogen- 
ion  concentration  of  the  wash  water  is  shown  in  Table  II. 


Tabus  II 

WAsmNO  THS  AcromSD  Sol  OF  Snjcic  Acm 

Rate,  25  cc.  per  minute 

sshing 

Ph 

Washing        Pm 

Washing 

Pm 

1 

4.0 

4              6.4 

6 

6.5 

2 

5.8 

5              6.5 

7 

6.5 

3 

6.0 

The  Sdrensen  value  was  readily  reduced  to  8 . 5  but  seamed  to  be  constant 
at  that  point. 
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Another  fractiQii  of  the  alkaline  sol  was  washed  using  the  same  rate  of 
feed  as  in  Table  II,  but  no  acid  was  added.  The  results  of  this  experiment 
are  presented  in  TaUe  III. 

Table  III 
Washiko  the  Discharged  Sol  Ph  90 
Rate,  25  cc.  per  minute 
Washing         Ph  Washing  Ph  Washing         Ph 

1  9.0  3  7.1  5  6.5 

2  8.4  .  4  6.5  6  6.5 

When  this  highly  dispersed  silicic  add  was  thrown  down  and  repeatedly 
washed  the  hydrogen-ion  concentration  was  readily  reduced  to  the  Soren- 
sen  value  6. 5  which  is  identical  with  the  value  obtained  when  approached 
from  the  add  si^e.  Since  6.5  seems  to  be  the  final  constant  value  ob- 
tained whether  approached  from  the  add  or  the  alkaline  side,  it  seems 
quite  probable  that  this  represents  approximately  the  true  Sdrensen 
value  of  the  colloidal  silidc  add. 

Physical  Properties. — ^When  the  celluloid  sleeve  was  removed  after 
the  deposition  of  the  highly  dispersed  silidc  add  it  was  found  to  be  covered 
at  the  bottom  with  a  rather  stiff  greasy  white  deposit  which  became  dear 
and  transparent  and  semifluid  at  the  upper  end  of  the  bowl.  In  the  middle 
of  the  bowl  the  deposit  was  transparent  and  very  sticky.  This  material 
was  divided  into  two  fractions,  one  consisting  of  the  white  material  (Sol 
A)  and  the  other  the  more  fluid  transparent  material  (Sol  B).  Both  were 
readily  dispersed  in  distilled  water  forming  bluish-white,  very  stable  sols. 
By  heating  on  the  water-bath  the  sol  can  be  concentrated  to  an  almost 
syrupy  consistency  which  can  be  brought  back  to  the  original  sol  condition 
by  the  restoration  of  the  original  water  content.  If  the  boiling  is  carried 
too  far  minute  needle-like  crystals  of  silidc  add  separate.  The  sols 
show  no  tendency  whatsoever  to  gd  even  in  the  highest  concentrations. 
Mixtures  of  equal  volumes  of  0. 2  M  hydrochloric  add  and  of  0. 2  M  sodium 
hydroxide  solution  and  0.2%  silidc  add  are  perfectly  stable.  Soma 
of  the  silidc  add  apparently  goes  into  true  solution  in  the  alkali  on  long 
standing. 

Purity  of  the  Sol. — ^As  noted  above  the  sol  appeared  free  from  chlorides 
after  6  washings.  This  test  was  made  by  predpitating  the  silidc  add 
with  aluminum  sulfate  and  then  treating  the  clear  supernatant  liquid 
with  silver  nitrate.  This  test  is  open  to  the  objection  that  there  may  have 
been  present  minute  traces  of  chlorides  which  were  carried  down  by  the 
predpitated  silidc  add.  A  further  test  was  made  on  the  sol  having 
a  Sdrensen  value  of  6.5  by  adding  a  little  sodium  carbonate  to  100  cc. 
of  the  sol  to  neutralize  any  free  hydrochloric  add,  then  evaporating  to 
drjmess  on  the  water-bath.  The  silidc  add  was  still  further  dehydrated 
by  heating  for  2  hours  in  the  oven  at  105®.    It  was  then  digested  with 
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nitric  acid,  diluted  and  the  supernatant  liquid  tested  with  silver  nitrate. 
The  test  was  negative.  Similar  tests  on  standard  soditun  chloride  so- 
lutions show  that  under  the  conditions  of  the  test  the  presence  of  1  part 
of  chlorine  in  4,000,000  of  sel  could  have  been  detected.  This  result  was 
to  have  been  expected  from  the  effects  of  the  repeated  washings  on  the 
reaction  of  the  sol.  The  hydroxyl  ion  is  considered  highly  adsorbed  by 
silicic  add  and  the  fact  that  it  was  so  completely  removed  as  to  enable 
the  sol  to  yield  a  slightly  acid  reaction  is  additional  evideiice  of  the  thor- 
oughness of  the  removal  of  impurities  by  repeated  washings. 

While  thus  far  the  method  outlined  has  been  used  only  for  the  prepara- 
tion of  colloidal  ferric  and  aluminum  hydroxides  and  silicic  acid  it  wotdd 
appear  that  with  perhaps  slight  alterations  in  procedure  a  large  number  of 
sols  of  similar  substances  might  be  prepared. 

The  writer  is  indebted  to  Professors  M.  F.  Miller  and  W.  A.  Albrecht 
for  suggestions  and  criticians. 

Summary 

1.  A  method  is  described  for  preparing  colloidal  ferric  hydroxide, 
aluminum  hydroxide  and  silicic  acid  from  the  fresh  precipitates  of  these 
substances  by  the  removal  of  the  excess  of  precipitating  agent  by  thorough 
washing  by  means  of  a  supercentrifuge. 

2.  This  method  appears  to  have  certain  advantages  over  the  older 
methods:  (a)  the  removal  of  the  electrolytes  formed  on  precipitation 
is  more  complete;  (b)  the  addition  of  a  peptizing  agent  and  its  conse- 
quent incomplete  removal  by  either  prolonged  dialysis  or  boiling  is  un- 
necessary; (c)  sols  of  a  more  uniform  degree  of  dispersion  can  be  prepared, 
since  particles  of  similar  size  and  of  similar  degrees  of  hydration  are  de- 
posited in  the  same  zone  in  the  centrifuge  bowl;  (d)  sols  of  any  desired 
concentration  from  a  semi-gel  to  the  merest  trace  can  be  prepared  by  the 
addition  of  water  to  the  more  concentrated  form,  and  all  concentrations 
are  very  stable ;  (e)  while  the  method  thus  far  has  been  used  for  the  prepa- 
ration of  colloidal  iron  and  aluminum  hydroxides  and  silicic  acid  only, 
it  would  appear  that  with  perhaps  slight  alterations  in  the  procedure  a 
large  number  of  sols  of  similar  substances  might  be  prepared. 

3.  Aluminum  hydroxide  precipitated  by  ammonium  hydroxide  in 
the  presence  of  an  excess  of  sulfate  ion  is  not  irreversible. 

Coi^UMBiA,  Missouri 


Digitized  by  LjOOQ IC 


OXIDES  OF  IRON  975 

[Contribution  from  thb  Pacific  Expsrimbnt  Station,  U.  S.  Bureau  of  Minss] 

EQUILIBRIA  IN  THE  SYSTEMS  IRON :  CARBON :  OXTGEN  AND 

IRON  :HTDROGEN:  OXYGEN,    AND    THE  FREE  ENERGIES  OF 

THE  OXIDES  OF  IRON' 

By  B.  D.  Eastman* 

Received  November  12,  1921 

A  review  of  the  published  researches  on  the  gas-solid  equilibria  in  the 
above  important  systems^  and  of  the  literature  concerning  the  oxides 
of  iron  reveals  a  surprising  degree  of  confusion.  The  results  of  different 
investigators  are  not  always  in  satisfactory  agreement  and  are  often 
difficulty  of  interpretation.  Some  of  the  more  recent  experiments,  how- 
ever, indicate  a  few  of  the  causes  of  difficulty,  and  remove  certain  phases 
of  the  subject  from  the  realm  of  hypothesis.  While  exact  knowledge 
of  these  systems  must  remain  incomplete  until  further  work  has  been  done, 
it  appears  that  an  adequate  basi^  exists  for  the  determination  of  equi- 
librium constants  and  free  energies  with  a  certainty  and  accuracy  suffi- 
cient for  many  scientific  and  technical  purposes.  In  the  following  the 
numerical  results  of  such  determinations  will  be  presented,  preceded  by 
a  critical  discussion  and  summary  of  the  experimental  data  upon  which 
they  rest. 

One  and  Two  Component  Systems 

The  polymorphism  of  elementary  iron  has  been  ignored  throughout 
the  following  work,  as  the  equilibrium  data  are  in  no  case  of  enough  ac- 
curacy to  require  a  distinction  between  the  different  forms  which  are 
stable  in  the  various  temperature  ranges. 

The  equilibria  in  which  solid  carbon  appears  are  perhaps  slightly  in- 
fluenced by  the  form  in  which  this  substance  occurs.  Such  variations  are  in 
general  small'  and  will  be  neglected  here.  Graphite  is  the  stable  phase 
into  which  "amorphous''  forms  in  these  equilibria  are  slowly  changing, 
and  to  which  the  final  free  energy  calculations  are  referred. 

In  the  system  iron:  carbon  the  compotmd  FejC  and  solutions  of  it  or  of 
carbon  in  iron  are  known  in  the  solid  state.  Owing  to  the  difficulties 
of  experimental  investigation  the  solubility  limits  and  temperatures  and 
even  the  qualitative  nature  of  the  iron-carbon  diagram  are  rather  im- 
certain.  FesC  does  not  appear  in  the  equilibrium  diagram  of  the  "stable 
system"  given  in  the  Landolt-Bomstein  "TabcUen."  In  the  "unstable 
system"  it  does  occur  as  a  separate  phase,  but  below  700°  is  represented 
1  Published  by  permission  of  the  Director  of  the  U.  S.  Bureau  of  Mines.  The  re- 
view and  calculations  presented  here  were  made  in  connection  with  a  theoretical  study  of 
the  reducing  efficiency  of  fuel  gases  upon  the  oxides  of  iron  for  the  Southwest  Experiment 
Station  of  the  Bureau  of  Mines,  at  Tuscon,  Arizona. 

'  Formerly  Associate  Physical  Chemist,  Bureau  of  Mines. 
»  Sec  for  example,  the  discussion  of  Falcke's  work  below. 
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as  not  soluble  in  iron.  The  instability  of  cementite  is  further  indicated 
by  the  thermochemical  datum  of  Ruff  and  Gersten/  who  find  an  absorption 
of  15,000  cal.  per  mol  in  its  formation  from  the  elements.  It  has  been 
assumed  in  the  following  that  PetC  is  not  one  of  the  phases  which  must  be 
considered  in  the  study  of  stable  equilibria,  though  iron-carbon  solutions 
may  be  present. 

The  equilibrium  of  hydrogen  with  iron  has  been  studied  by  Sieverts.' 
No  separate  hydride  phase  is  formed,  and  the  solubility  of  hydrogen  is  so 
small  that  the  activity  of  solid  iron  cannot  be  appreciably  affected  by  it. 
It  is,  therefore,  not  a  factor  in  the  iron :  hydrogen:  oxygen  system. 

The  compotmds  FcjOt  and  FejOi  seem  to  be  sufficiently  well  established 
as  chemical  individuals.  Polymorphism  is  found*  in  the  case  of  each  of 
these  oxides.  Of  especial  interest  are  the  magnetic  inversions  in  hematite 
at  about  678®  and  in  magnetite,  variously  given  as  between  525**  and  581®. 
The  dissociation  pressures  of  the  compound  FejOj  have  been  experi- 
mentally studied  by  Sosman  and  Hostetter.^  They  directly  determined 
the  pressure-composition  curves  between  PejOj  and  FejOi  at  1100®  and 
1200®.  These  curves  are  shown  in  Fig.  1.  Their  form  indicates  a  con- 
tinuous series  of  solid  solu- 
tions of  the  oxides  in  each 
other  at  both  temperatures. 
Smits  and  Bijvoet*  have 
questioned  (in  the  opinion 
of  the  writer  without  suffi- 
cient reason)  this  interpre- 
tation of  the  curves,  claim- 
ing their  continuous  char- 
acter to  be  due  to  slow 
reaction  or  "occlusion"  of 
oxygen  by  the  pure  soUd 
phases.  It  is  seen  that  the 
experimental  curve  at  1200® 
slopes  more  and  shows  less  tendency  to  discontinuity  than  that  at  1100®. 
Tlds  would  not  be  the  case,  it  is  believed,  if  the  explanation  of  Smits  and 
Bijvoet  were  correct,  but  would  be  expected  if  the  oxides  were  solubk 
in  all  proportions.  Sosman  and  Hostetter  actually  prepared,  at  1200®, 
various  solutions  intermediate  between  Pe^»  and  FesOi  whidi  remained 
homogeneous,  as  shown  by  their  optical  properties,  even  at  atmospheric 
temperatures.  The  persistence  of  such  solutions  does  not,  however, 
«  Ruff  and  Gersten,  Ber.,  45, 63  (1912);  46, 394  (1913). 

•  Sieverts.  Z.  physik.  Chem.,  TT^  691  (1911). 

•  Sosman,  /.  WashinfdUm  Acad.  Set.,  7, 56  (1917). 

^  Sosman  and  Hostetter,  This  Journal.  38, 807. 1188  (1916). 

•  Smits  and  Bijvoet,  Proc.  Acad.  Set.  Amsterdam,  21, 386  (1919). 
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Pig.  1.— Bquilibrhun  pressures  in  the  system  Fe :  O. 
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preclude  the  possibility  that  they  are  unstable  (supersaturated)  at  low 
temperatures.  The  approach  of  the  pressure-compositioii  curve  to  the 
two-phase  type  is  very  dose  even  at  1100°.  It  seems  probable,  therefore, 
that  a  separation  into  distinct  phases  occurs,  in  the  equilibrium  case, 
at  temperatures  a  few  hundred  degrees  lower.  This  hypothetical  behavior, 
also  suggested  by  Smits  and  Bijvoet,  is  illustrated  by  the  dotted  curve  of 
Fig.  1. 

The  methods  which  have  been  proposed  in  the  literature  for  the  prepa- 
ration of  ferrous  oxide  (PeO)  do  not  give  a  pure  product,  as  has  been  shown 
by  Hilpert  and  Beyer.'  In  very  careful  experiments  these  workers  failed 
to  obtain  ferrous  oxide  free  from  ferric  oxide  by  reducing  higher  oxides 
in  a  stream  of  hydrogen  and  water  vapor  or  carbon  monoxide  and  carbon 
dioxide  of  proportions  such  that  ferro-ferric  oxide  but  not  ferrous  oxide 
should  be  reduced.  They  a1  tribute  their  failure  to  the  formation  of  solid 
solutions  between  ferrous  and  ferro-ferric  oxides.  Matsubara's  experi- 
ments {vide  infra),  do  show  ferro-ferric  oxide  to  be  soluble  to  some  extent 
in  ferrous  oxide.  Hilpert's  results  may  have  been  due  to  this,  but  could 
equally  well  be  explained  by  the  instability  of  ferrous  oxide  with  respect 
to  ferro-ferric  oxide  and  iron  below  some  definite  temperature.  This 
behavior  was  anticipated  as  a  possible  cause  of  difficulty  by  Sosman' 
and  by  Smits  and  Bijvoet.*  It  is  apparent  from  the  form  of  the  equilibrium 
curve  of  Fig.  3  below,  and  has  recently  been  independently  verified  in 
qualitative  experiments  by  Chaudron.^"  When,  therefore,  ferrous  oxide 
is  prepared  at  a  high  temperature,  on  cooling  it  reacts  in  part  according 
to  the  equation 

4FeO=Fei04-f  Fe  (1) 

and  the  product  will  always  show  more  or  less  ferric  iron  on  analysis, 
the  amount  depending  on  the  rapidity  of  cooling  of  the  sample.  More 
concerning  this  reaction  and  solid  solution  among  the  oxides  will  be  said 
later. 

The  System  Iron:Carbon:Oxygen 

Braithwaite"  was  able  to  establish  in  a  qualitative  way  the  reversi- 
bility of  the  reaction  of  carbon  monoxide  upon  fto-o-ferric  oxide.  He 
also  showed  that  carbon  monoxide  is  nearly  completely  oxidized  to  the 
dioxide  by  ferric  oxide  at  "low  red  heat." 

Baur  and  Glaessner"  were  the  first  to  publish  quantitative  results  in 
this  field.  They  imdertook  to  determine  the  equilibrium  composition 
of  gas  in  the  reactions 

•  Hflpert  and  Beyer.  Ber.,  44,  1608  (1911). 

»  Chaudron.  Compt,  rend.,  172, 152  (1921);  Ann.  chim.,  16, 221  (1921). 

^^  Braithwaite,  Chem.  News,  72, 211  (1895). 

1*  Baur  and  Giaessner,  Z.  physik.  Chem.,  43, 354  (1903). 
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PcO  +  CO=Fc  +  CO,  (2) 

and 

FeiOi  4-  CO  =3  FeO  +  CO,  (3) 

In  outline  their  methods  follow. 

Two  g.  of  a  mixture  of  ferro-ferric  oxide  (79.06%)  and  ferrous  oxide  (20.94%), 
prepared  by  reducing  pure  ferric  oxide  in  a  stream  of  hydrogen  and  treating  the  resultin^r 
iron  with  carbon  dioxide  at  600  ^  was  placed  in  a  porcelain  boat  in  an  electrically  heated 
glazed  porcelain  tube  which  was  connected  to  a  mercury  biuret  and  a  pump.  After 
evacuation,  the  tube  was  filled  either  with  carbon  monoxide  or  dioxide  and  maintained  at 
constant  temperature,  measured  by  a  thermocouple  in  the  tube  near  the  boat,  for  periods 
varying  mainly  from  12  to  24  hours.  The  gas  was  then  withdrawn  and  analyzed  for 
carbon  monoxide  and  dioxide.  The  ferrous  oxide-iron  mixtures  were  obtained  by  re- 
peated treatment  of  the  above  preparation  with  carbon  monoxide  at  800°,  the  procedure 
being  otherwise  the  same.  The  time  of  each  run  appears  to  have  been  more  or  less 
arbitrary,  the  degree  of  concordance  of  results  approaching  equilibrium  from  both  sides 
being  relied  upon  to  determine  whether  reaction  had  been  completed  in  the  time  allowed. 

An  inspection  of  the  points  representing  their  work,  in  Fig.  3,  leaves 
little  doubt  that  at  the  higher  temperatiures  equilibrium  was  really  at- 
tained. At  600®  and  belo^,  the  observations  in  the  ferrous  oxide-iron  sys- 
tem deviate  widely  from  the  general  mean,  due  in  part  perhaps  to  extreme 
slowness  of  reaction  at  these  temperatures. 

Schenck,  Semiller,  and  Falcke^*  have  published  data  relating  to  systems 
in  which  in  addition  to  ircm  and  ferrous  oxide,  solid  carbon  was  present. 

The  solid  phases  were  prepared  by  reduction  of  ferrous  oxalate  in  a  stream  of  hydro- 
gen at  650°  and  passing  carbon  monoxide  over  the  reduced  metal  for  4  hoturs  at  600**. 
Abodt  10  g.  of  the  mixture  so  obtained,  probably  containing  considerable  quantities  of 
each  of  the  phases,  iron,  ferrous  oxide,  carbon,  was  used  in  each  experiment.  The 
mixture  being  studied  was  contained  in  a  porcelain  bulb  kept  at  constant  temperature, 
measured  by  a  calibrated  Le  Chatelier  thermocouple  near  the  bulb  in  the  furnace,  and 
the  progress  of  the  reaction  followed  by  observing  the  total  pressture.  When  the  pressure 
became  constant,  equilibrium  was  assumed  to  have  been  established  and  a  sample  of  gas 
was  then  withdrawn  and  analyzed. 

The  composition  of  gas  fixed  by  such  a  procedure  should  be  the  same 
in  the  presence  of  solid  carbon  as  without  it,  provided  that  iron  and  ferrous 
oxide  phases  are  present  and  active  in  establishing  equilibritun.  The 
latter  omdition  appears  to  have  been  fulfilled  in  the  first  series  of  experi- 
ments and  the  points  representing  their  results  in  Fig.  3  in  general  agree 
with  those  of  other  observers.  In  addition  to  these  values  Schenck, 
Semiller  and  Falcke  give  data  concerning  systems  the  solid  phases  of  which 
they  assimied  to  consist  of  iron,  ferrous  oxide,  graphite;  iron  carbide 
(FeaC),  ferrous  oxide,  carbon  (amorphous);  and  ferro-ferric  oxide,  ferrous 
oxide,  carbon  (amorphous),  and  Schenck  and  Heller^*  for  iron,  ferrous 
oxide,  with  various  forms  of  carbon.    For  reasons  which  will  appear  later 


"  Schenck.  Semiller  and  Falcke.  Ber.,  40, 1704  (1907). 
»«  Schenck  and  Heller,  ibid.,  38, 2132, 2139  (1906). 
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these  data  and  the  theoretical  treatment  of  carbide  formation  founded 
upon  them  are  valueless. 

Levin,  in  Nemst's  Festschrift,^'*  gives  smoothed  curves  representing 
results  by  Koster  in  the  iron:  ferrous  oxide  and  ferrous  oxide:  ferro-ferric 
oxide  systems  and  by  Van  Royen  in  the  iron:  ferrous  oxide  system.  The 
dotted  curves  of  Fig.  3  are  constructed  from  them.  Experimental  details 
have  not  been  available  to  the  writer  and  this  work  cannot,  therefore,  be 
criticized  here.  Falcke,*^  however,  in  his  fourth  paper  (referred  to  below) 
gives  a  table  of  Van  Royen's"  individual  results  and  states  that  they  were 
obtained  using  iron  treated  in  a  stream  of  carbon  monoxide  at  600*'. 
These  experiments,  therefore,  parallel  portions  of  Falcke's  own  work,  and 
they  are  in  general  agreement  with  it. 

Falcke^^  continuing  researches  begun  with  Schenck,  experimentally 
proves  most  of  the  earlier  work  of  Schenck  and  his  co-workers  to  have 
been  vitiated  by  the  use  of  incompletely  decomposed  ferrous  oxalate 
as  a  source  of  ferrous  oxide.  This  preparation  is  indefinite,  and  when 
heated  at  constant  temperature  imtil  gas  ceases  to  come  oflF,  resumes 
evolution  of  carbon  monoxide  and  dioxide  upon  elevation  of  the  tempera- 
ture. It  was  undoubtedly  this  partial  and  undefined  * 'decomposition 
pressure"  which  was  being  meastu'ed  by  Schenck  and  Heller  in  their  ex- 
periments with  graphite,  diamond,  etc.,  as  soUd  phases,  since  Falcke  shows 
that  under  the  conditions  they  used,  no  appreciable  reaction  is  obtained 
with  ferrous  oxide  and  carbon.  The  objectionable  ferrous  oxalate  prepa- 
ration was  also  used  in  the  iron — ^ferrous  oxide — graphite,  and  ferro-ferric 
oxide — ferrous  oxide — carbon  experiments  of  Schenck,  Semiller  and  Falcke. 

The  reaction  between  iron  and  carbon  monoxide  in  the  neighborhood 
of  600®  is  also  studied  by  Falcke.  He  finds  that  carbon  appears  as  a  sepa- 
rate phase  only  when  the  iron  is  treated  for  a  long  time  in  a  stream  of  the 
gas,  as  shown  by  the  carbon  residue  which  xemains  when  the  solid  prod- 
ucts of  reaction  are  treated  with  hydrochloric  acid.  The  products  of 
reaction  in  a  closed  tube  dissolve  without  residue  in  hydrochloric  acid; 
in  both  cases  hydrocarbons  are  formed  by  the  treatment  with  acid. 

Hilpert  and  Dieckmann^*  have  also  studied  the  reduction  of  iron  oxide 
in  a  stream  of  carbon  monoxide.  Restilts  were  not  very  reproducible, 
but  are  generalized  as  follows.  The  products  of  reduction  never  contained 
oxygen.    Titration  with  permanganate  showed  99.8%  of  iron  when 

»  HaHe,  1912,  262. 

*•  Van  Royen,  Dissertation,  Bonn,  1911. 

"  Fakke,  Ber.,  46, 743  (1913). 

"  Hilpert  and  Dieckmann,  ibid.,  48,  1281  (1915).  Other  experiments  on  the  re- 
action of  Fe  with  CO  are  described  by  Gautier  and  Clansman,  Compt.  rend.,  151,  16. 
355  (1911)  and  Carpenter  and  Smith,  /.  Iron  Steel  Institute,  Sept.,  1918.  These  last, 
for  example,  worked  0t  650°  and  report  that  the  solid  products  contain  both  oxygen  and 
carbon,  and  the  formation  of  FeaC  is  indicated. 
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reduction  occurred  at  950^.  At  850^  the  product  always  contained  carbon 
and  between  720^  and  800^  deposition  of  carbon  by  the  decomposition  of 
carbon  monoxide  was  very  greatiy  cataljrzed.  By  treatment  of  jtfae  re- 
duced iron  with  add  it  was  found  that  free  carbon  was  not  left  as  residue 
until  the  product  attained  a  composition  of  6%  of  carbon  (FeiC  =  6. 6% 
C).  Products  containing  4-6%  of  carbon  were  easily  obtained,  as  were 
those  containing  more  than  10%  of  total  carbon.  Percentages  (total 
carbon)  between  7  and  10  were  not  readily  obtained.  The  Curie  point 
in  the  solid  masses  which  catalyzed  the  decomposition  of  carbon  monoxide 
was  found  to  be  somewhat  lower  than  that  for  iron  carbide  (Fe|C),  which 
is  known  to  be  much  lower  than  for  ptue  iron.  The  authors  for  this  reason 
assume  unstable  carbides  of  the  type  FeiC  or  FeC  to  have  been  present* 
and  that  the  catalysis  was  due  to  their  formation. 

The  results  of  Falcke  and  of  Hilpert  and  Dieckmann  make  it  appear 
certain  at  least  that  in  the  systems  of  Schenck  and  Heller,  andSchenck, 
Semiller  and  Falcke,  obtained  by  reaction  of  carbon  monoxide  on  iron 
in  a  closed  tube,  carbon  as  a  separate  phase  was  not  present,  as  they  as- 
sumed it  to  be,  and  that  if  iron  carbide  (FctC)  was  ever  present  in  large 
amount  it  should  have  been  in  the  first  series  of  experiments  of  Schenck, 
Semiller  and  Falcke  described  above. 

Falcke^*  in  another  paper  describes  experiments  with  purified  amorphous 
carbon  prepared  in  various  ways  and  with  several  varieties  of  purified 
natural  graphite,  compressed  with  iron  and  ferrous  oxide  and  heated  in 
an  evacuated  tube.  No  appreciable  reaction  was  found  to  occur  in  any 
instance  below  650^.  Above  this  the  different  samples  reacted  with  very 
different  speeds.  The  amorphous  carbon  reacted  very  slowly  and  in  no 
instance  was  the  final  equilibrium  pressure  observed.  The  graphite 
samples  exhibited  different  reactivities  also;  pressure  was  developed 
slowly  at  first,  then  with  incre^ising  speed  to  a  definite  final  value  which  was 
approximately  the  same  in  all  cases.  The  total  pressure-temperature 
curves  feU  only  a  littie  below  those  obtained  by  Schenck  and  Falcke  and 
others  with  iron  treated  with  carbon  monoxide.  Some  gas  analyses  are 
also  given  though  doubt  is  expressed  that  they  necessarily  represent 
equilibrium  conditions.  In  only  one  case  in  all  the  experiments  tried 
was  there  any  evidence  of  carbide  formation  with  the  iron  (i.  «.,  of  hydro- 
carbons in  the  gas  formed  by  reaction  of  residues  with  hydrochloric  acid). 

In  a  third  research  Falcke*'  obtained  equilibrium  data  in  numerous 
experiments  involving  reactions  between  carbon  monoxide  and  pure 
iron,  and  iron  which  had  been  treated  in  a  stream  of  carbon  monoxide 
at  600®,  (referred  to  as  "carbonized  iron")  and  iron,  graphite  and  ferrous 
oxide. 


>•  Falcke,  Z.  EUkirochem.,  21,  37  (1916). 
»  Falcke,  ibid.,  22,  121  (1916). 
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The  ferrous  oxide  was  a  pure  preparation  heated  until  gas  was  no  longer 
evolved.  It  contained  some  higher  oxides.  A  tjrpical  mixture  as  used  by  Falcke  is  1  g. 
of  iron,  3  g.  of  ferrous  oxide  and  0.8  g.  of  graphite.  When  iron  alone  was  used  the  amount 
was  about  3  g.  The  mixtures  were  placed  in  porcelain  bulbs,  four  of  which  enclosed  in  a 
copper  sheath  could  be  heated  simultaneously.  Temperatures  within  the  sheath  were 
measured  with  a  thermocouple.  Because  results  with  identical  preparations  deviated  by 
amounts  corresponding  to  20°,  Palcke  corrected  the  temperatures  measured  with  the 
thermocouple  by  utilizing  the  temperature  coefficient  of  the  reaction  of  CO  upon  iron. 
This  procedmre  is  of  questionable  value  in  the  opinion  of  the  writer.  The  course  of 
reactions  in  which  the  solid  phases  were  allowed  to  evolve  gas  starting  in  vacuum,  or  in 
which  gas  was  absorbed  from  an  initial  pressure  of  an  atmosphere,  was  followed  by  ob- 
serving the  total  pressure.  When  this  became  constant,  the  gas  mixtures  were  analyzed. 
Comparatively  large  amotmts  of  indifferent  gases  were  always  fotmd,  and  are  corrected 
for  in  the  final  results. 

The  value  of  the  eqtiihbrium  constant  of  Reaction  2  does  not  differ 
significantly  among  the  different  preparations  in  any  of  the  experiments. 

The  results  relating  to  total  pressures  indicate  that  at  all  temperatures 
the  equilibrium  pressure  and  therefore  also  the  constant  K  «  (CO)*/ 
(COi)  of  the  reaction 

CO, +  C-2C0  (4) 

are  higher  for  the  pure  iron  reacting  with  carbon  monoxide  in  a  closed  tube, 
than  for  the  "carbonized"  iron.  When  the  latter  preparation  was  heated 
for  half  an  hour  at  900®,  however,  new  equilibrium  values  of  the  pressure 
were  obtained  at  the  lower  temperature  (without  change  in  composition 
of  the  gas)  which  were  close  to  those  for  ptire  iron.  The  pressures  in  the 
experiments  with  graphite  and  ferrous  oxide  were  sUghtly  less  than  with 
the  iron  treated  with  carbon  monoxide.  With  graphite  and  ferrous 
oxide  prepared  by  oxidation  of  iron  in  a  stream  of  carbon  monoxide 
mixed  with  the  dioxide  the  pressures  were  still  lower.  The  equiUbrium 
constants  of  Reaction  4  as  obtained  from  Falcke's  corrected  curves  in 
the  several  cases  are  compared  in  Table  I  with  those  calculated  from  the 
free  energies  of  carbon  monoxide  and  dioxide,  (referred  to  graphite)  given 
by  Lewis  and  Randall.*^ 

Tabls  I 
Equilibrium  Constants,  (CO)  V(COt) 

Temperature 600*  700° 

"Pure  htm" 0.230  atm.  1 .57 

"Carbonized  iron" 0.146  1 .27 

Crapliite  and  pore  comm.  PeO 0.115  1 .18 

GrapMte  snd  FeO  from  Pe 0.87 

Pirom  free  energies 0.080  0.965 

The  diverg^ce  of  the  results  in  the  "piure  iron"  and  "carbonized  iron" 
experiments  from  each  other  and  from  those  calculated  from  the  free 
energies  is  seen  to  be  larger  at  the  lower  temperature.    Palcke  believes 
»  Lewis  and  RandaU,  Tms  Journal*  37,  458  (1915). 


Digitized  by  VjOOQIC 


982  9.  D.  EASTMAN 

the  differences  at  each  temperature  and  the  approach  to  equality  at  higher 
temperatures  to  represent  real  effects,  and  suggests  the  formation  of  un- 
stable carbides  to  account  for  them.  From  the  analytical  evidence  the 
conclusion  appears  safe  that  carbide  was  present  in  both  series,  with 
little  or  no  ftee  carbon  in  the  former,  but  large  amounts  in  the  latteri 
Just  how  the  presence  of  carbide  explains  all  the  equilibrium  effects  is 
not  clear  to  the  writer.  The  maximum  difference  among  the  constants 
in  Table  I  corresponds  to  about  20°  in  temperature,  an  alhount  which 
seems  to  be  no  larger  than  the  uncertainties  in  the  measurement  and  con- 
trol of  temperatures  in  the  experiments.  Nevertheless,  Paldce  later 
(see  below)  obtained  similar  results  upon  repetition  of  the  experiments. 
Whatever  the  cause  of  these  effects,  if  real,  it  seems  assured  that  ferrous 
oxide  and  moderately  pure  iron  were  present  as  separate  phases  in  the 
"carbonized  iron"  experiments.  Whether  this  is  true  also  of  the  "pure 
iron"  runs  cannot  be  said.  Considerable  amounts  of  carbon  monoxide 
were  often  absorbed  while  the  tubes  were  connected  to  the  gas  supply; 
an  oxide  phase  may  therefore  have  resulted.  On  the  other  hand,  the 
ratio  of  carbon  monoxide  to  iron  and  the  side  of  approach  do  not  appear 
to  have  been  varied  sufficiently  in  Palcke's  experim^ts  or  those  of  his  prede- 
cessors to  prove  the  equilibrium  to  be  divariant  in  this  case.  Evidence 
given  later  is  strong  that  with  small  amounts  of  carbon  monoxide. tri- 
variant  systems  result.  Because  of  this  uncertainty  as  to  the  phases, 
no  results  with  pure  iron  are  finally  used. 

Schenck**  continuing  discussion  of  points  raised  by  Falcke  compares 
values  of  various  observers  of  equilibrium  constants  of  Reaction  4  in  the 
presence  and  absence  of  iron  and  believes  the  results  to  be  in  sufficient 
agreement  to  prove  the  presence  of  carbon  as  a  separate  phase  in  the  iron 
experiments.  He  also  states  that  some  free  carbon  may  be  observed  in 
many  cases  where  iron  absorbs  carbon  monoxide,  the  amount  depending 
on  the  duration  of  heating.  He  believes  that  a  stable  carbide  is  f onned 
in  part  directly  with  carbon  monoxide  and  in  part  by  reaction  of  free 
carbon  with  iron  on  long  heating.  Discussion  of  the  conditions  for  the 
existence  of  such  a  carbide  leads  him  to  assign  the  approximate  formula 
FevC. 

Terres  and  Pongracz*'  have  worked  in  the  ferrous  oxide :  iron  system  and 
have  studied  the  reaction  of  carbon  dioxide  upon  iron. 

In  the  equilibrium  measurements,  22  g.  of  "Perrum  Limatum"  was  placed  in  a 
porcelain  bulb  of  146.7  cc.  capacity  connected  with  a  manometer,  pump  and  gas  supply 
and  enclosed  in  an  dectric-tube  furnace.  The  temperature  was  then  maintained  at 
950  ^  as  measured  by  a  thermocouple  outside  the  bulb  in  the  furnace,  the  bulb  evacuated 
and  carbon  dioxide  at  1  atmosphere  pressure  introduced.  At  the  end  of  7  hours  a  sample 
of  gas  was  withdrawn  and  analyzed,  the  pressure  being  restored  to  1  atmoapfacra  by 


*«  Schenck,  Z.  EUktrochem.,  24, 248  (1918). 
»  Terres  and  Pongracz,  ibid.,  25, 380  (1919). 
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additionof  more  carbon  dioxide.  .The  reaction  was  then  allowed  to  proceed  for  16  hours 
longer*  when  a  sample  was  again  taken.  The  ftunace  was  then  regulated  at  a  lower 
temperature,  the  pressure  of  carbon  dioxide  in  the  bulb  adjusted  and  samples  were  taken 
after  the  same  time  intervals  as  before.  This  procedure  was  repeated  6  times,  the 
temperature  of  the  last  experiments  being  550^.  The  iron  which  had  been  used  in  all 
these  runs  was  then  treated  at  800°  with  carbon  dioxide,  in  the  closed  bulb,  the  gas  being 
renewed  about  40  times.  The  same  plan  was  then  followed  with  this  preparation  as 
with  the  iron  alone,  except  that  carbon  monoxide  was  now  used  instead  of  the  dioxide. 

From  the  restilts  of  the  gas  analyses  in  the  two  series  of  16-hour  runs 
the  points  shown  in  Fig.  3  have  been  derived.  Terres  and  Porigracz 
believed  that  equilibrium  was  actually  established  at  825^  and  above  in 
this  series  because  the  two  curves  closely  approach  each  other.  (They 
actually  cross  at  900^.)  They  believed  the  larger  amount  of  iron  used 
to  be  responsible  for  the  deviation  of  their  results  from  those  of  other 
investigators  and  undertook  to  test  this  point. 

In  experiments  at  550®  in  which  powdered  iron  or  iron  wire  was  treated 
with  carbon  dioxide  for  12  hours  or  a  mixture  of  iron  and  iron  oxide  with 
the  monoxide,  it  was  found  that  increasing  the  weight  of  iron  used  increased 
the  ratio  of  carbon  monoxide  to  the  dioxide  at  the  end  of  the  experiment. 
Since  the  reactions  were  far  from  completion  these'  results  do  not  prove 
anything.  The  same  thing  is  true  of  similar  experiments  in  which  the 
soUd  phases  were  analyzed.  Some  oxide  higher  tiian  ferrous  was  always 
found  to  be  present,  which  the  authors  interpret  as  necessitating  the  as- 
sumption of  solid  solution  of  ferrous  oxide  and  ferro-ferric  oxide  in  one 
another. 

In  other  experiments  it  is  apparently  definitely  established  that  there 
is  a  decrease  in  volume  when  carbon  dioxide  reacts  with  iron  in  a  closed 
tube.  This  diminution  is  most  rapid  at  the  beginning  of  the  reaction 
and  gradually  f  aUs  off  to  zero  as  the  reaction  proceeds.  If  carbon  monox- 
ide and  oxides  of  iron  were  the  only  products  of  the  reaction  this  obviously 
would  not  be  the  case.  Carbon  dioxide  therefore  reacts  directly  with  iron, 
giving  carbon  in  some  form  as  well  as  oxygen  in  the  sdid  product.  Ap- 
parently owing  to  dianging  "temperature  coefficients  of  solubility"  of 
the  gases  in  iron,  when  iron  is  heated  in  a  closed  bulb  with  carbon  dioxide 
the  pressure  increases  as  the  temperature  is  slowly  raised  from  600®  to 
820®,  decreases  up  to  900®,  and  above  this  increases  steadily  again.  In 
a  final  series  of  experiments  at  550®  in  which  iron  was  treated  with  carbon 
dioxide  for  12  hours,  the  solid  and  gas  phases  were  both  analyzed  and  a 
"balance"  of  the  oxygen  exchanged  between  them  attempted.  Results 
were  not  conclusive  but  might  be  interpreted  as  indicating  a  greater  ab- 
sorption of  carbon  dioxide  than  of  the  monoxide  by  the  iron,  i.  e.,  that  the 
iron  pbast  contained  more  oxygen  than  carbon.  Criticism  oi  the  wcM-k  of 
Terres  and  Pongracz  will  be  returned  to  later. 

Chaudron^^  gives  equilibrium  measurements  obtained  as  follows. 
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Two  g.  of  ferric  oxide  contained  in  a  boat  in  a  porcelain  tube  and  maintiuned  at 
constant  temperature  in  a  resistance  furnace  was  treated  with  successive  known  volumes 
of  carbon  monoxide.  The  gas  was  passed  in  a  cycle  through  the  apparatus  and  over  the 
solid  oxide.  The  progress  of  the  reaction  was  followed  by  means  of  an  interferometer 
arranged  to  observe  the  density  of  the  gas  mixture  in  the  system.  From  the  known 
compositions  of  gas  and  the  volumes  used  the  compositions  of  the  solid  could  be  deter- 
mined. Measurements  of  equilibrium  composition  of  gas,  obtained  partly  on  reduction 
and  partly  by  oxidation  of  the  solid,  were  made  at  various  temperatures.  In  the  princi- 
pal series  of  runs,  the  solid  may  be  calculated  to  have  consisted  of  approximately  50 
and  75  mol  %  respectively  of  ferrous  oxide  with  ferro-ferric  oxide,  and  33  and  67  mol  % 
of  iron  with  ferrous  oxide.  The  results  of  these  series,  together  with  a  few  measurements 
in  which  the  solid  phases  were  prepared  by  oxidation  of  iron  with  carbon  dioxide,  are 
shown  in  Pig.  3.  One  point  at  1050*  in  the  ferro-ferric  oxide:  ferrous  oxide  ssrstem  faUs 
off  the  field  of  the  diagram,  and  one  of  the  ferrous  oxide:  iron  points  at  670*  which  falls 
very  dose  to  the  curve  could  not  be  shown  without  obliterating  several  points  by  other 
observers.  The  temperature  at  which  the  three  curves  meet  is  given  by  Chaudron  as 
580*  in  his  first  paper  and  570*  in  the  final  one. 

Little  criticism  can  be  made  of  Chaudron's  methods.  The  gas  analyses 
might  have  been  subject  to  minor  errors  due  to  the  presence  of  gases  other 
than  carbon  monoxide  or  dioxide.  Other  observers  have  often  reported 
2-4%  of  nitrogen,  for  example.  The  partial  decomposition  of  carbon 
monoxide  into  the  dioxide  and  carbon  in  the  cooler  zones  of  the  furnace 
might  also  introduce  uncertainties.  It  was  found  necessary  to  place  the 
thermocouple  outside  the  porcelain  tube  in  the  furnace.  It  is  stated, 
however,  that  differences  were  always  less  than  5**  in  comparison  tests  with 
another  couple  inside  the  tube,  after  the  f tutiace  temperature  had  remained 
constant  for  15  minutes.  The  time  required  for  attainment  of  practically 
constant  composition  of  gas  was  about  6  hours  below  550^  and  4  hours 
above.  A  complete  circuit  of  the  apparatus  was  made  by  the  gas  in  about 
3   hours. 

Matsubara'^  also  describes  equilibrium  measurements  in  this  system. 
A  weighed  amount  of  ferric  oxide,  prepared  by  ignition  of  purified  hydroxide  at  a 
rather  low  temperature  in  a  current  of  oxygen,  was  placed  in  a  magnesia  boat  at  the  mid- 
dle of  a  furnace  in  a  glazed  porcelain  test-tube.  Both  ends  of  this  tube  projected  beyond 
the  furnace,  the  open  end  being  connected  to  the  vacuum,  gaa  supply,  manometer,  etc. 
With  the  furnace  regulated  at  constant  temperature,  a  measured  amount  of  carbon 
monoxide  was  introduced  and  allowed  to  react  until  equilibrium  was  established.  The 
time  required  for  this  was  about  2  hours  at  1 100  ^  and  14  to  20  hours  at  850  ^.  (How  this 
was  determined  is  not  stated.)  The  gas  was  then  withdrawn  and  analyzed  for  carbon 
monoxide,  carbon  dioxide  and  nitrogen.  The  results  of  the  analyses  were  used  to 
calculate  the  composition  of  the  solid  phase.  This  procedure  was  repeated  until  reduc- 
tion was  nearly  complete.  The  composition  of  the  solid  was  checked  in  some  instances 
by  weighing  the  boat  at  the  conclusion  of  an  experiment  and  also  by  analysis.  The 
compositions  determined  in  these  ways  were  in  essential  agreement  A  platinum  platin- 
rhodium  thermocouple  was  used  for  temperature  measurement.  The  thermo-junction 
was  ontside  of  the  porcelahi  tube  at  the  center  of  the  furnace.  With  both  ends  of  the 
s«  Matsubara,  Trans.  Am.  Insi.  Mining  Mtk  Eng.,  prtprintNo.  1051,  kmmkmiih 
Mining  and  Metallurgy,  February,  1921. 
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reaction  tnbe  projecting  from  the  furnace  the  thermocouple  could  scarcely  have  measured 
accurately  the  temperature  at  any  point  inside  the  tube.  Matsubara  states :  "correction 
of  temperature  in  the  furnace  was  made  by  repeating  Boudouard's  experiment*  and  by 
determining  the  composition  of  the  gaseous  phase  in  equilibrium  with  amorphous  carbon 
at  various  temperatiu-es,  at  nearly  one  atmosphere,  and  then  determining  the  average 
temperatures  in  the  furnace  by  the  result  of  Boudouard."  The  magnitude  of  these 
"corrections"  is  not  stated. 

Fairly  complete  diagrams  of  equilibrium  composition  of  gas  vs.  compo- 
sition of  solid  phase  were  obtained  at  IITS**,  1070°  and  863°  respectively. 
That  reproduced  in  Fig.  2  is  typical.    In  addition,  experiments  were  made 
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Ftg.  2. — Matsubara,  composition  diagram  at  1175°  in   the 
system  Fe:C:0. 

with  mixtures  of  composition  corresponding  to  the  horizontal  portions 
of  this  curve  at  a  niunber  of  other  temperatures.  These  results  and  the 
preceding  are  shown  in  Fig.  3.  The  remaining  experiments  and  discussion 
in  Matsubara's  paper  deal  with  the  "carburization"  of  iron  and  will  not 
be  included  here  except  to  cite  the  results  of  a  series  of  experiments  at 
965  *". 

Starting  initially  with  about  7  g.  of  reduced  iron  containing  2.01%  of  oxygen,  equilib- 
rium was  obtained  with  successive  portions  of  carbon  monoxide.  In  going  from  2.01 
to  1.43%  of  oxygen  in  the  solid  the  equilibrium  composition  of  gas  changed  from  70.72 
to  76.20%  of  carbon  monoxide  and  there  was  always  an  initial  decrease  in  pressure  which 
was  then  slowly  regained.  After  this  the  pressure  always  remained  lower  than  the  imtial 
value,  the  percentage  of  oxygen  in  the  solid  going  to  0.57  and  of  carbon  monoxide  in  the 
gas  to  about  91.1.  Further  treatment  did  not  change  the  composition  of  the  gas  very 
much.  Examination  of  the  solid  phase  showed  "strong  carburization"  but  no  soot 
deposition. 

It  is  stated  that  in  the  last  experiments  of  this  series  iron  carbide  or 
some  other  substance  rich  in  carbon  appeared  as  a  separate  phase,  but 
the  evidence  on  which  this  statement  is  based  is  not  given.  In  fact  the 
experimental  evidence  as  to  the  nature  of  the  solid  phases  present  in  this 

»  Boudouard,  Ann.  chim.  phys.,  7,  24  (1901). 
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case,  where  Matsubara  gives  them  as  ferrous  oxide  dissolved  in  iron  and 
iron  carbide  (FesC),  and  in  other  experiments  in  which  he  thinks  that 
iron  and  iron  carbide  have  been  present,  is  very  incomplete.  The  writer 
inclines  to  the  belief  that  the  equilibria  under  discussion  are  trivariant 
However,  the  point  is  not  an  important  one  from  the  present  standpoint 
Fronl  the  data  shown  in  Fig.  2  it  may  be  calculated  that  at  1175®  the 
phases  which  are  present  in  the  two  equiUbria  are  ferro-ferric  oxide  con- 
taining not  more  than  25  mol  %  of  ferrous  oxide,  and  ferrous  oxide  with  about 
12%  of  ferro-ferric  oxide,  and  nearly  ptue  ferrous  oxide  with  iron  containing 
about  25  mol  %  of  dissolved  ferrous  oxide.  This  high  percentage  of  oxygen 
in  the  iron  phase  is  rather  stuprising.  The  points  in  this  portion  of  the 
curve  were  all  obtained  by  the  action  of  carbon  monoxide,  and  it  is  not 
mentioned  that  any  special  attempt  was  made  to  be  siu-e  that  equilibrium 
had  actually  been  reached.  Further,  it  is  possible  that  ferrous  oxide  might 
partly  dissolve  in  the  magnesia  of  the  boat,  which  would  result  in  curves 
of  similar  form.  This  behavior  would  have  been  eaily  observed  had  it 
occurred,  but  no  mention  of  it  is  made.  The  only  evidence  of  an  experi- 
mental nature  which  might  be  brought  against  the  solubility  of  ferrous 
oxide  in  iron  is  the  claim  of  Schenck  and  Falcke  that  their  results  with 
carbon  monoxide  acting  on  piu-e  iron  in  a  closed  tube  could  be  reversed 
to  give  the  same  final  value  of  equilibrium  constant,  together  with  similar 
experiments  in  the  hydrogen  system.  This  could  scarcely  be  the  case 
had  the  ferrous  oxide  not  been  present  as  a  separate  phase.  Examination 
of  these  experiments  does  not  convince  the  writer,  however,  that  conditions 
have  been  varied  suflSciently  to  prove  the  reactions  mentioned  to  repre- 
sent definite  divariant  equilibria.  On  the  other  hand  the  disagreement  in 
the  equilibrium  constants  obtained  by  other  observers  when,  for  example, 
the  relative  amounts  of  iron  and  gas  were  varied,  is  perhaps  good  evidence 
that  Matsubara's  work  is  correct.  Pending  f  lulher  experiments,  the  writer 
therefore  accepts  the  result  of  Matsubara  that  iron  dissolves  ferrous 
oxide  to  the  extent  of  20  mol  %  or  more  at  the  temperatures  in  question. 
This  conclusion  is  a  very  important  one.  For  example,  it  makes  it  neces- 
sary to  exclude  from  final  consideration  the  values  of  Schenck  and  of 
Falcke  determined  with  iron  and  carbon  monoxide  in  a  closed  tube,  and  of 
Terres  and  Pongracz  with  iron  and  carbon  dioxide.  It  may  be  calculated 
from  the  volume  of  the  apparatus  of  the  last  named  authors  that  their 
treatment  of  iron  with  carbon  dioxide  did  not  produce  enough  ferrous 
oxide  for  saturation,  so  that  even  in  their  experiments  starting  with  carbon 
monoxide,  there  could  have  been  no  separate  ferrous  oxide  phase  present 
at  equilibriiun.  It  is  perhaps  interesting  to  note  that  in  a  trivariant 
equilibriiun  of  this  kind,  increasing  the  weight  of  iron  or  decreasing  the 
volume  of  the  gas  space,  other  things  being  equal,  operate  in  a  way  to 
make  the  equilibrium  constant  used  here  numerically  smaller.    Terres 
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and  Pongracz  were  partially  correct,  therefore,  if  their  reactions  were 
completed  in  the  time  allowed,  in  their  explanation  of  the  lower  percentages 
of  carbon  dioxide  as  due  to  the  considerable  weight  of  iron  present. 

Regarding  Matsubara's  equilibrium  constants,  in  spite  of  the  objection- 
able temperature  measurement,  the  points  lie  within  the  limits  of  error 
upK)n  straight  lines,  and  appear  to  agree  well  with  the  average  of  the 
other  determinations.  They  have,  therefore,  been  given  much  weight 
in  drawing  the  final  curves. 

In  a  fourth  paper  upon  the  subject  of  the  reaction  between  ferrous 
oxide  and  carbon  and  between  carbon  dioxide  and  iron,  Falcke**  reviews 
the  earlier  work  and  repUes  to  Schenck.  In  the  review  he  tabulates  re- 
sults by  Nippert*^  (which  have  not  been  available  to  the  writer)  in  systems 
obtained  by  allowing  iron  to  absorb  carbon  monoxide.  He  also  gives 
results  of  repetitions  of  his  own  previous  experiments  in  this  system  and 
that  obtained  by  treatment  of  iron  in  a  stream  of  carbon  monoxide.  These 
were  accompanied  by  experiments  in  which  nickel  was  used  as  catalyst 
in  Reaction  4.  The  constant  (CO)*/(CO)2  of  this  reaction  is  again  found  to 
be  higher  at  all  temperattu-es  for  the  "pure  iron"  than  for  the  carbonized, 
and  the  Jatter  to  be  higher  than  in  the  nickel  experiments,  which  are  taken 
to  be  the  true  constants  of  Reaction  4.  The  constants  of  Reaction  2, 
(COi)/(CO)  as  obtained  with  iron  treated  in  a  stream  of  carbon  monoxide, 
are  included  in  Fig.  3  but  not  distinguished  from  his  former  work.  These 
constants  again  agree  fairly  well  with  those  of  the  **pure  iron"  experiments, 
but  on  account  of  the  imcertainty  as  to  the  presence  of  a  ferrous  oxide 
phase,  neither  Falcke's  nor  Nippert's  results  in  this  series  are  shown  in 
Fig.  3.  Falcke  still  believes  tiiat  both  series  represent  definite  mono- 
variant  equiUbria,  and  that  the  carbides  which  are  present  constitute 
the  active  carbon  phase  rather  than  free  carbon. 

Equilibritmi  Constants  in  the  System  Iron :  Carbon :  Oxygen 
In  Fig.  3  the  common  logarithms  of  the  equilibrium  constants  assumed 
by  the  different  observers  to  correspond  to  the  reactions 

FeO -FCO  =  Fe  4-COi  (2) 

and 

Fe,04  -F  CO  =3  FeO  -f  CO,  (3) 

are  plotted  against  the  reciprocal  of  the  absolute  temperature.  This 
procedtu*e  is  adopted  because  of  the  approximately  linear  relationship 
which  should  hold  when  the  variables  are  so  chosen.  Representing  the 
partial  pressures  of  the  gases  by  their  formulas  in  brackets,  the  equilibritun 
constant  here  used  is,  for  each  reaction,  K  =  (C02)/(C0). 
The  only  data  which  have  been  found  that  are  not  shown  in  Fig.  3  are 

«•  Falcke,  Z.  EUktrochem.,  27,  268  (1921). 
"^  Nippert,  Dissertation,  Breslau,  1913. 
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those  of  Schenck  and  Heller,  Schenck,  Semiller  and  Falcke,  Nippert, 
and  Falcke  in  which  unreduced  ferrous  oxalate  was  used,  or  which  were 
obtained  by  the  reaction  of  carbon  monoxide  upon  pure  iron,  and  the  7-hour 
runs  of  Terres  and  Poogracz.  The  16-hour  runs  of  the  last  mentioned 
observers  are  shown  for  comparison  only;  reasons  have  already  been 
pointed  out  for  rejecting  them  from  final  consideration.  For  all  of  the 
other  points  shown  there  is  good  evidence  that  separate,  definite  solid 
phases  were  present  in  large  amotmts,  and  the  very  general  agreement 
which  is  found  is  further  support  of  this.  The  points  due  to  Falcke  and 
to  Schenck,  Semiller  and  Falcke  belong  to  systems  in  which  carbon  was 
present,  obtained  by  deposition  from  carbon  monoxide,  or  as  various  kinds 
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Pig.  3. — Equilibrium  constants  and  temperature 
the  system  Fe :  C :  O. 
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of  graphite  in  some  of  Falcke's  work.  The  points  of  Baer  and  Glaessner, 
Terres  and  Pongracz,  and  Chaudron  are  marked  with  a  stroke  pointing 
downward  to  denote  that  approach  to  equilibrium  in  the  expmment 
was  from  the  carbon  dioxide  side,  upward  for  carbon  monoxide. 

The  solid  lines  in  Fig.  3  have  been  drawn  as  best  representing  all  of  the 
experiments.    They  conform  quaKtatively  to  the  behavior  required  if 
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ferrous  oxide  is  unstable  with  respect  to  ferro-ferric  oxide  and  iron  below 
565°,  the  temperature  at  which  the  iron-ferrous  oxide  and  ferro-ferric 
oxide — ^ferrous  oxide  curves  intersect  in  the  diagram.  It  is  seen  that  the 
former  curve  is  quite  sharply  defined:  agreement  in  the  latter  case  is  not 
so  good,  but  the  general  coiu-se  of  the  curve  is  undoubtedly  correct.  At 
500°  and  below,  the  points  are  too  few  and  too  divergent  to  fix  the  ferro- 
ferric  oxide  curve  accurately,  and  at  temperatures  over  1000°  some  ten- 
dency to  diverge  is  seen  in  the  other  systems  also.  For  these  reasons 
numerical  calculations  have  been  confined  to  the  temperature  range 
600-1000°.  In  Table  II,  below,  are  found  the  values  of  the  equilibrium 
constants  K^  and  Kz  of  Reactions  2  and  3,  respectively,  as  taken  from  the 
average  curves  of  Fig.  3. 

Table  II 
Equilibrium  Constants,  (COj)/(CO) 


Temperature 

Fe:  FeO  System 
Kt 

FeO:  Fei04  System 

600 

0.871 

1.15 

700 

0.678 

1.77 

800 

0.662 

2.64 

900 

0.466 

3.43 

1000 

0.403 

4.42 

The  constants  in  Table  II  refer  to  systems  in  which  the  solid  phases 
are  in  general  not  quite  pure.  Thus  in  the  Fe:  FeO  system,  while  the  fer- 
rous oxide  phase  at  equilibrium  is  nearly  pure,  the  iron  phase  probably 
contains  considerable  amounts  of  ferrous  oxide  in  solid  solutions,  and  some 
dissolved  carbon.  The  fugadty  of  the  iron  in  this  equilibrium  is,  therefore, 
probably  somewhat  smaller  than  that  of  pure  iron  at  the  same  temperature. 
The  e£Fect  of  this  should  be  to  make  the  equilibritun  constant  numerically 
larger  than  that  for  pure  iron — how  much  larger  cannot  be  said.  The 
deviations  of  these  solutions  from  the  behavior  of  a  perfect  solution  are 
so  large  and  of  such  a  character,  however,  that  it  may  safely  be  assumed 
that  the  fugacity  of  the  iron  in  these  cases  is  essentially  that  of  pure  iron, 
and  that  the  equilibrium  constants,  i?'2,  do  not  lie  much  above  the  true 
ones.  In  the  ferro-ferric  oxide: ferrous  oxide  system  each  solid  phase 
is  apparently  somewhat  contaminated  by  the  other.  Here  the  effects 
on  the  constant  are  partly  compensating,  and  probably  not  large. 

The  solid  ctu*ves  on  the  diagram  of  Fig.  3  have  been  drawn  for  the 
ferrous  oxide: iron  and  ferro-ferric  oxide: ferrous  oxide  systems,  con- 
sidering only  the  experimental  points.  The  intersection  of  these  two  curves 
tpgether  with  the  direct  experimental  points  were  then  used  to  determine 
the  ferro-ferric  oxide— iron  ctu*ve.  In  a  system  of  this  kind,  however, 
there  is  a  necessary  connection  of  the  three  etudes.  Thus  it  can  be 
shown  that  the  ratio  of  carbon  dioxide  to  the  monoxide  in  the  ferro-ferric 
oxide:  iron  system  must  be  equal  to  K2^  X  Ks^,     Projecting  the  curve 
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representing  the  latter  constant  linearly  it  is  found  that  at  1/7  =  0. 001485, 
log  (C02)/(C0)  should  be  0.065  on  the  ferro-ferric  oxide— iron  curve. 
The  experimental  curve  at  this  point  gives  0.158.  Of  the  three  the 
ferrous  oxide-iron  ciu^e  is  best  defined.  If  this  kind  of  criterion  may  be 
used,  the  discrepancy  of  25%  represented  in  the  above  figiu-es  is  due 
mainly  to  error  in  the  ferro-ferric  oxide — ^ferrous  oxide  and  ferro-ferric 
oxide — iron  curves,  especially  the  latter,  since  the  data  relating  to  it  are 
few  and  the  experimental  difficulties  are  greater  than  at  higher  tempera- 
tiu-es. 

The  System  Iron: Hydrogen: Oxygen 

In  this  system  the  very  early  work  of  Deville^*  is  the  model  for  all  later 
investigations.  His  method  of  experiment  was  to  meastwe  the  total  pres- 
sure developed  when  water  vapor  from  a  reservoir  of  liquid  water  kept 
at  constant  temperattue  was  allowed  to  react  with  metallic  iron  at  a  series 
of  temperattues  between  150°  and  1600°.  As  the  presstue  of  water  vapor 
was  its  vapor  pressure,  it  was  always  fixed  and  known,  and  from  it  and  the 
total  pressure,  the  pressure  of  hydrogen  could  be  found.  Equilibrium 
was  regarded  as  established  when  the  pressure  became  constant.  De- 
ville  varied  the  weight  of  iron  used  in  the  different  experiments,  approached 
equilibrium  from  the  side  of  increasing  and  decreasing  pressure  and,  in 
one  set  of  experiments,  allowed  hydrogen  to  react  with  large  amounts 
of  iron  oxide  prepared  by  the  action  of  water  on  iron  at  800°.  The  tem- 
perature measurement  in  these  experiments  was  approximate  only.  De- 
ville  assumed  his  reactions  to  correspond  to  the  equation 

3  Fe  -f  4  H,0  =  Fe304  -f  4  H,  (5) 

As  has  been  pointed  out,  it  is  possible  that  in  the  temperatm-e  range 
below  500°,  ferro-ferric  oxide  actually  is  the  oxide  in  equilibriimi  with  iron. 
Deville,  however,  had  no  adequate  experimental  ground  for  this  assiunption, 
and  it  is  undoubtedly  incorrect  at  the  higher  temperature. 

The  nimierical  results  ot)tained  are  shown  in  Fig.  4  with  the  exception 
of  a  few  at  very  high  and  very  low  temperatures  which  fall  off  the  field 
of  the  diagram.  It  is  seen  that  they  are  not  at  all  concordant  among 
themselves.  Except  for  minor  errors  in  the  temperature  scale  and  rather 
imperfect  control  of  the  water  temperatures,  no  reason  is  apparent  why 
Deville*s  work  should  not  be  as  reliable  as  that  of  later  investigators. 
His  conditions  of  approach  to  equilibrium  were  more  varied  than  in  most 
later  work,  and  his  results  probably  substantiate  the  ideas  concerning 
solid  solution  developed  in  the  preceding,  and  indicate  that  water  vapor 
reacting  on  iron  in  a  closed  tube  does  not  produce  a  separate  oxide  phase 
under  ordinary  conditions. 

"  DeviUe,  Compt.  rend.,  70, 1105, 1201  (1870);  71, 30  (1871). 
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Premier**  in  his  work  adopted  in  principle  the  method  of  Deville  and  also 
accepted  without  question  his  equation  for  the  reaction. 

In  Preuner's  experiments  iron  foil  of  25  sq.  cm.  surface  was  wrapped  about  the 
porcelain  thermocouple  tube,  and  protected  from  it  and  the  narrow  glazed  porcelain 
containing  tube  by  platinum  foil.  The  water  vapor  and  hydrogen  formed  were  forced 
back  and  forth  through  the  tube  between  two  reservoirs  of  water.  Beginning  with  no 
hydrogen  the  reaction  was  allowed  to  proceed  until  pressure  became  constant.  At 
the  temperatures  used,  900,  1038,  and  1150°,  the  reaction  was  fast  and  constancy  in 
presstu-e  was  always  attained  in  less  than  30  minutes.  To  get  the  reverse  reaction,  the 
tube  was  connected  to  the  pump  while  being  heated.  This  in  effect  subjected  the  iron 
to  the  action  of  a  stream  of  water  vapor.  This  treatment  was  carried  on  for  10  minutes, 
after  which  hydrogen  was  introduced  at  a  pressure  about  twice  the  anticipated  equilib- 
rium pressure,  and  the  pressure  decrease  observed. 

The  pressure-time  curves  so  obtained  from  the  two  sides  often  inter- 
sected each  other.  This  behavior  Preuner  attributed  to  the  fact  that  the 
water  reservoirs  were  often  saturated  with  hydrogen  at  a  pressure  higher 
than  the  equilibrium  value.  This  hydrogen  would  then  be  given  off 
slowly,  causing  a  gradual  increase  in  pressure  after  the  real  equilibrium 
between  water  vapor  and  iron  had  been  reached.  He  considers  the  fail- 
ure of  the  excess  hydrogen  to  react  with  oxide  to  restore  equilibrium 
to  be  due  to  the  very  small  amount  of  oxide  and  consequent  slowness  of 
reaction.  When  precautions  were  taken  to  exclude  excess  hydrogen 
from  the  water  reservoirs  the  curves  no  longer  crossed.  The  average 
of  the  values  obtained  beginning  with  water  and  with  hydrogen  were 
used  to  determine  the  equilibrium  constant.  The  averages  of  all  such 
determinations  at  the  three  temperatures  are  shown  in  Fig.  4.  The 
divergence  of  different  results  at  one  temperature  from  each  other  is  be- 
tween 3  and  7%. 

It  is  not  possible  to  estimate  independently  the  value  of  Preuner's 
results.  In  spite  of  his  explanation  of  the  crossing  of  the  curves  approach- 
ing equiUbrium  from  opposite  sides,  this  behavior  casts  some  doubt  on  the 
validity  of  his  results.  Again,  it  cannot  be  known  definitely  whether  or 
not  more  than  one  solid  phase  was  ever  present.  On- the  other  hand, 
his  results  are  in  good  agreement  with  the  most  reliable  ones  which  have 
yet  appeared.  The  objections  to  his  work^may,  therefore,  be  more  apparent 
than  real. 

Chaudron'^  also  uses  the  principle  of  Deville. 
Two  g.  of  iron  or  a  mixture  of  1  g.  of  iron  and  1  g.  of  ferrous  oxide  was  placed  in  a 
boat,  in  a  porcelain  tube  in  a  resistance  furnace.  Temperatures  of  the  solids  were  measured 
by  a  thermocouple  in  the  tube  over  the  boat.  A  few  cc.  only  of  water  was  used  in  the 
reservoirs  at  each  end  of  the  tube  to  establish  the  vapor  pressure,  avoiding  Preuner's 
difficulty.  Artificial  circulation  of  gas  was  not  used,  but  with  the  arrangement  employed 
convection  should  have  been  vigorous.     Experiments  were  also  made  in  which  2  g.  of 

»  Preuner,  Z.  physik,  Chem.,  47, 385  (1904). 

«»  Chaudron,  Compt.  rend.,  159, 237  (1914) ;  Ann.  chim.,  16, 221  (1921). 
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ferrous  oxide  or  a  mixture  of  1  g.  of  ferr()us  oxide  with  1  g.  of  ferro-ferric  oxide  was 
used.  The  statement  is  made  that  final  results  were  the  same  starting  with  iron  or 
ferrous  oxide  alone  as  with  the  mixtures  respectively.  Above  400^  equilibrium  was  at- 
tained in  a  few  hours. 

The  points  for  the  two  series  are  shown  in  Fig.  4,  the  system  in  which 
they  were  obtained,  but  not  the  side  of  approach  to  equilibrium  being 
indicated.  Chaudron's  curve  for  ferrous  oxide — ferro-ferric  oxide  does 
not  appear  to  intersect  the  iron — ferrous  oxide  ctu-ve.  This  undoubtedly 
indicates  error  in  at  least  some  of  the  points.  Errors  of  measurement 
were  estimated  to  be  between  4  and  7%.  Those  determinations  in  which 
the  mixttures  of  equal  weights  of  the  two  soUd  phases  were  used  could  not 
well  have  been  subject  to  errors  due  to  solid  solution. 

Wohler'^  again  uses  the  DeviUe  method.  Like  Premier,  he  uses  an 
artificial  circulation  of  the  reacting  gases. 

A  roll  of  iron  foil  of  125  sq.  cm.  surface  (in  one  case  5-10  g.  of  iron  i>owder  in  a 
perforated  crucible)  was  suspended  in  a  vertical  porcelain  tube  in  a  regulated  resistance 
furnace.  A  thermocouple  was  inside  the  tube  dose  to  the  iron.  After  establishing 
equilibrium  by  circulating  the  water  vapor  and  hydrogen  developed  from  it  over  the 
iron,  the  tube  was  evacuated,  "a  large  amount — up  to  120  cc."  of  hydrogen  introduced 
and  equilibrium  determined  with  falling  pressure. 

The  time-pressure  curves  obtained  from  the  opposite  sides  never  crossed 
and  in  some  cases  apparently  reached  almost  identical  values.  This 
would  ordinarily  indicate  a  perfectly  definite  divariant  system.  It  is 
questionable,  however,  whether  the  conditions  were  sufficiently  varied 
to  be  assured  of  this  in  the  face  of  the  considerations  previously  discussed. 

Schreiner  and  Grimnes'*  used  the  same  principle  as  the  previous  in- 
vestigators. They  dispensed  with  artificial  circulation  of  the  gases  and 
confirm  their  conclusion  that  it  is  imnecessary  by  a  comparison  of  the  times 
required  to  reach  equilibriiun  in  their  experiments  with  those  of  other 
workers. 

The  iron  was  placed  in  an  alundum  boat  in  a  porcelain  tube  connected  at  one  end  to 
the  water  container  and  at  the  other  to  the  manometer.  The  thermocouple  was  inside  the 
tube  near  the  boat.  The  procedure  was  to  allow  the  pressure  to  become  constant  start- 
ing with  water  vapor  only.  The  temperature  was  then  raised  about  50  ^  under  which 
condition  hydrogen  was  used  up  and  a  constant  pressure  thus  approached  from  the  other 
side.  The  tube  was  then  evacuated  'and  equilibrium  established  at  the  last  temper- 
ature beginning  again  with  pure  water  vapor,  and  so  on. 

It  is  seen  that  in  this  research  also  there  is  no  assurance  at  all  that  more 
than  one  solid  phase  was  present.  The  results  are  again  shown  in  Fig.  4. 
They  are  in  general  agreement  with  Wohler  but  not  with  Chaudron, 
Preuner,  or  DeviUe.  Of  the  possible  reasons  which  the  authors  advance 
to  explain  this  poor  agreement,  they  seem  to  favor  solid  solution  between 
ferrous  oxide  and  iron. 

"  W6hler,  Z.  Elektrochem.,  23,  199  (1917).  ~ 

«2  Schremer  and  Grimnes,  Z.  anorg.  Chem.,  110, 311  (1920). 
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In  his  latest  paper  Chaudron''  describes  measurements  intended  to 
supplant  his  earlier  results  in  the  hydrogen  system.  He  implies  that  with 
.  the  method  first  used  the  attainment  of  approximate  constancy  of  pressure 
is  not  proof  of  close  approach  to  equilibrium,  particularly  at  lower  tem- 
peratures, on  account  of  slow  diffusion  in  the  gas.  Forced  circulation 
of  gas  through  a  saturator  and  over  the  boat  in  the  furnace  was  there- 
fore resorted  to  in  the  new  experiments.  The  solid  phases  were  prepared 
in  the  apparatus  by  partial  reduction  of  1  g.  of  ferric  oxide  with  electro- 
lytic hydrogen.  The  volume  of  hydrogen  oxidized  in  each  preparation 
is  given  and  from  it  the  composition  of  the  solid  mixture  may  be  calculated. 
In  one  series  of  measturements  this  corresponded  to  75  mol  %  of  ferrous 
oxide  with  25%  of  ferro-ferric  oxide,  in  another  to  17  mol  %  of  iron  with 
83%  of  ferrous  oxide,  and  in  a  third  to  83  mol  %  of  iron  with  17%  of 
ferrous  oxide.  The  last  composition  falls  within  the  region  where  Mat- 
subara  found  solid  solutions.  The  results  in  this  series  are  nevertheless 
in  agreement  with  the  second. 

These  final  results  of  Chaudron's  fall  in  the  upper  temperature  range 
upon  two  curves  intersecting  at  570°,  which  is  the  same  as  the  inter- 
section point  of  his  carbon  monoxide-dioxide  curves.  Below  570°  the 
points  lie  upon  a  single  curve.  The  points  shown  in  Fig.  4  indicate  the 
side  of  approach  to  equilibriiun,  but  not  the  particular  series  to  which  they 
belong.  Agreement  among  the  points  is  good  and  there  is  no  apparent 
objection  to  the  experimental  work.  It  does  not,  however,  agree  with 
his  earlier  work.  It  seems  unlikely  that  the  discrepancy  is  due  to  slow 
gsw  diffusion  in  the  first  measiu-ements,  especially  in  view  of  Schreiner 
and  Grimnes'  conclusion  on  this  point.  Further,  the  ferrous  oxide-iron 
curves  of  the  first  and  final  measurements  above  600°  cross  at  a  consider- 
able angle,  rather  than  approach  each  other  at  the  higher  temperatures, 
as  they  should  do  if  diffusion  were  alone  responsible  for  the  divergence. 

From  the  values  of  the  equilibrium  constants  of  Reactions  2  and  6 
Chaudron  calculates  the  equilibriiun  constant  of  the  water  gas  reaction. 
At  686°  the  constant  so  obtained  differs  from  that  of  Haber  by  40%; 
at  786°  by  1%;  at  886°  by  7%;   and  at  986°  by  5%. 

Equilibrium  Constants  in  the  System  Iron: Hydrogen: Oxygen 

An  inspection  of  Fig.  4  shows  the  futility  of  any  attempt  to  draw  a  curve 
which  shaJl  be  representative  of  the  results  in  the  iron  :  ferrous  oxide 
system.  For  reasons  which  have  been  discussed,  there  appears  to  be  no 
work  which  can  be  accepted  without  question.  That  of  Chaudron  seems 
by  far  the  most  reliable,  and  it  is  possible  that  the  average  of  his  results 
will  eventually  be  substantially  verified.  But  until  further  experimental 
work  can  be  done  it  seems  that  the  best  values  of  the  constants  in  these 

»•  Chaudron,  Ann,  ckim.,  16, 221  (1921). 
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systems  can  be  obtained  from  the  carbon  system.     For  the  sake  of  the 
comparison  these  have  been  calculated,  using  the  free  energies  of  the  iron 
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Fig.  4. — Equilibrium  constants  and  temperature  in  the 
system  Fe:H:0. 

oxides  as  obtained  from  the  carbon  system,  and  the  free  energies  of  water 
vapor  of  Lewis  and  Randall,^*  and  are  contained  in  Table  III  below. 
The  constants,  (H20)/(H2)  are  given  for  the  reactions 

FeO +  Ha=Fe  +  H,0  (6) 

and 

Fe«04  +  H,=3  FeO  +  H,0  (7> 

and  are  designated  K^  and  K^. 

Table  III 
Calculated  Equilibrium  Constants  in  the  Hydrogen  System 


Temperature 

FerFcO  System 
K% 

FeO:Fe»04  System 

600 

0.298 

0.393 

700 

0.398 

1.04 

800 

0.493 

2.25 

900 

0.585 

4.27 

1000 

0.662 

7.2 

"  Lewis  and  Randall,  Tms  Journal,  36,  1969  (1914). 
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The  dotted  curves  of  Fig.  4  represent  these  calculated  values.  With 
the  exception  of  Deville's,  the  results  of  all  observers  lie  above  the  cal- 
culated iron — ferrous  oxide  ctu^e.  Of  the  others  the  points  of  Preuner 
and  Chaudron  are  fairly  dose  to  the  curve.  DeviUe  in  some  cases  and 
Chaudron  in  nearly  all  definitely  had  large  amounts  of  both  phases  present 
in  their  determinations.  Preuner  may  possibly  have  obtained  a  separate 
oxide  phase  in  some  of  his  experiments,  though  this  is  doubtful.  These 
facts  are  perhaps  of  significance  in  connection  with  the  better  agreement 
with  the  carbon  system  of  the  points  due  to  their  work.  If  a  separate 
oxide  phase  is  not  produced  by  water  vapor  acting  on  iron  in  a  closed 
tube,  the  equiUbrium  constants  obtained  by  the  reaction  should  be  smaller 
the  greater  the  weight  of  iron  used  and  the  smaller  the  gas  volume.  The 
voluime  of  Preuner's  apparatus  was  undoubtedly  smaller  than  that  of  any  of 
the  others,  and  DeviUe  used  much  greater  amounts  of  iron  than  the  others, 
which  may  account  in  part  for  the  position  of  their  points  relative  to  the 
others.  It  is  also  true  that  under  the  condition  just  stated  the  equitibritun 
constants  with  a  single  phase  consisting  of  Fe  with  dissolved  ferrous 
oxide  should  be  smaller  than  the  definitely  fixed  ones  in  the  presence  of 
a  separate  FeO  phase.  Assuming  the  carbon  system  data  to  be  essentially 
correct  the  question  then  arises  as  to  the  cause  of  higher  values  generally 
obtained  in  the  hydrogen  system.  This  question  cannot  at  present  be 
answered.  The  suggestion  occurs,  however,  that  under  the  conditions 
prevailing  in  most  of  the  experiments  the  iron  surface  soon  gains  an  adherent 
and  relatively  impervious  coating  of  oxide,  the  outer  layers  of  which 
consist  mainly  of  ferro-ferric  oxide.  Real  equiUbrium  could  then  be  es- 
tabUshed  only  by  the  slow  diffusion  of  oxygen  through  the  soUd  phases, 
which  might  occur  extraordinarily  slowly. 

The  Free  Energies  of  the  Oxides  of  Iron 

The  equiUbrium  constants  of  Reaction  2,  given  in  Table  II,  have  been 
used  to  calculate  the  standard  free  energy  changes  of  this  reaction  by  means 
of  the  equation'^ 

From  the  values  of  AF  and  Lewis  and  RandaU's'*  free  energies  of  carbon 
monoxide  and  dioxide  the  free  energies  of  ferrous  oxide  have  been  calcu- 
lated at  100°  intervals  between  600°  and  1000°,  and  are  tabulated  below. 
Using  the  equilibriiun  constants  of  Equation  3  (Table  II)  and  the  ferrous 
oxide  free  energies  in  Table  IV  the  free  energies  of  ferro-ferric  oxide  have 
been  obtained,  anci  are  given  in  the  table.  No  attempt  has  been  made  to 
determine  theoretical  equations  showing  free  energies  as  functions  of  the 
temperature,  as  the  required  data  do  not  in  general  exist  at  present.  No 
»  The  notation  and  conventions  are  those  of  Lewis,  This  Journai,,  35, 1  (1913). 
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data  were  found  in  the  literature  which  would  permit  the  calculation  of 
the  free  energy  of  ferric  oxide. 

TablbIV 
Frss  Ensrgiss  of  Oxidbs  op  Iron 


r. 

FcO 

cal. 

FeK>4 
cal. 

600 

-49700 

-198320 

700 

-48075 

-190425 

800 

-46445 

-182550 

900 

-44840 

-174735 

1000 

-43255 

-166980 

Without  an  independent  check  upon  the  results,  such  as  would  be 
afforded  by  the  data  in  the  hydrogen  system  if  they  were  in  agreement 
among  themselves,  the  accuracy  of  the  figures  in  Table  IV  cannot  well 
be  estimated.  It  is  beUeved  that  the  free  energies  of  ferro-ferric  oxide 
and  ferrous  oxide  there  given  are,  however,  essentially  correct,  the  latter 
probably  to  within  two  or  three  hundred  calories  at  all  temperatures. 

The  equilibrium  constants  of  Table  II  may  also  be  used  to  calculate  the 
heat  effects  in  Reactions  2  and  3  by  means  of  the  van't  Hofif  equation. 
Thus  calculated.  Reaction  2  evolves  4260  cal.  and  Reaction  3  absorbs 
7440  cal.,  the  temperature  being  the  average  over  which  the  data  extend, 
i.  e.,  about  800^.  As  a  test  of  the  consistency  of  the  equilibrium  data 
of  the  two  reactions  the  heat  content  (heat  absorbed  in  formation  from 
elements)  of  ferrous  oxide  has  been  calculated,  using  the  calculated  heats 
of  reactions  above  and  the  experimental  heat  contents  of  the  other  sub- 
stances in  the  equations.  The  average  of  five  determinations  in  the 
literature  of  the  heat  content  of  ferro-ferric  oxide  is  —270200  cal.  at  ordi- 
nary temperatures.  At  800°  this  becomes  about  —264600  cal.,  using 
specific  heats  of  ferro-ferric  oxide,  iron,  and  oxygen  as  38.9  (Regnault), 
5.9  and  7. 0  cal.  per  mol  per  degree  and  assuming  them  constant.  From 
Lewis  and  Randall's  equations  the  heat  contents  of  carbon  monoxide 
and  dioxide  at  800°  are  -26278  and  -94272  respectively.  Calculated 
from  Equation  2,  the  heat  content  of  ferrous  oxide  at  800°  is  then  —63730 
cal.  and  from  Equation  3,  —63055  cal.  The  difference  between  these 
results  is  within  that  which  might  be  attributed  to  error  in  the  experi- 
mental heat  content  of  ferro-ferric  oxide.  Measured  values  of  the  heat 
content  of  ferrous  oxide  at  ordinary  temperatures  are  recorded  by  Le 
Chatelier  and  by  Mixter  of  —65700  and  -64300  cal.,  respectively. 

Summary 

The  present  paper  brings  together  and  attempts  to  appraise  and  inter- 
pret the  widely  scattered  and  often  discordant  data  relating  to  the  oxides 
of  iron  and  equilibria  in  which  they  are  involved.  The  essential  details 
of  the  more  important  researches  are  given.    The  conclusions  which  have 
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been  reached  in  the  course  of  this  study  are  summarized,  and  the  calcu- 
lations which  have  been  made  are  listed  in  the  following  paragraphs. 

1.  Ferric  oxide  and  ferro-ferric  oxide  at  1100**  and  above  form  a 
•continuous  series  of  solid  solutions,  though  the  indications  are  that  at 
temperatures  much  below  1000°  they  may  not  be  soluble  in  each  other 
in  all  proportions.  Ferro-ferric  oxide  and  ferrous  oxide  up  to  1100°, 
at  least,  definitely  do  not  form  a  continuous  series  of  solutions,  though 
they  do  dissolve  to  a  Umited  extent  in  each  other.  Ferrous  oxide  appears 
to  be  soluble  in  iron  to  the  extent  of  20-25  mol  %  (6-8%  oxygen)  though 
metallic  iron  is  not  appreciably  soluble  in  the  oxide. 

2.  Ferrous  oxide  is  unstable  with  respect  to  ferro-ferric  oxide  and  iron 
below  about  565°.  Interestingly,  ferro-ferric  oxide  shows  an  inversion 
in  the  same  region. 

3.  When  pure  carbon  monoxide  reacts  upon  pm-e  iron  in  a  closed  tube 
above  500°  carbon  is  not  ordinarily  deposited  as  a  separate  phase.  At 
temperatures  above  800°  a  trivariant  equilibritun  with  iron  containing 
dissolved  carbon  or  carbide  as  the  soUd  phase  may  be  established,  or  one 
in  which  the  solid  phase  contains  dissolved  oxygen  as  well  as  carbon,  and 
the  gas  is  richer  in  carbon  dioxide  than  in  the  former  case.  It  is  possible 
that  stable  divariant  equilibria  corresponding  to  these,  with  a  separate 
dissolved  carbon  or  carbide  phase,  may  also  be  established  on  repeated 
treatment,  but  this  does  not  appear  to  be  proved.  Whether  monovariant 
systems  are  ever  obtained,  and  if  so  what  the  active  solid  phases  are,  also 
remains  to  be  proved. 

4.  With  a  stream  of  carbon  monoxide  acting  on  iron  in  the  vicinity 
of  650°  separate  phases  consisting  of  carbon,  ferrous  oxide,  and  iron 
containing  dissolved  oxygen  and  carbon  (or  carbide)  are  probably  formed. 
At  higher  temperatm-es  the  oxide  and  separate  carbon  phases  do  not  appear, 
and  the  amount  of  dissolved  carbon  decreases. 

5.  Carbon  dioxide  acting  upon  iron  in  a  closed  tube  probably  produces 
again  a  trivariant  system.  At  temperatures  in  the  neighborhood  of  600° 
and  lower,  carbon  is  present  in  the  solid  phase,  decreasing  in  amoimt  as 
the  temperatm-e  is  increased. 

6.  Numerous  investigators  have  studied  univariant  and  divariant 
equilibria  involving  iron  or  ferrous  oxide,  ferrous  oxide  or  ferro-ferric 
oxide,  carbon  monoxide,  carbon  dioxide  and  carbon  under  conditions  such 
that  the  presence  of  separate  and  definite  solid  phases  (not  always  quite 
pure)  in  large  amoimts  was  assured.  The  individual  results  of  such  in- 
vestigations are  graphically .  compared  and  are  in  sufficient  agreement 
to  permit  the  use  of  equilibrimn  constants  and  free  energies  based  on  them. 
These  constants  have  been  tabulated  at  100°  intervals  between  600°  and 
1000°  inc.  Certain  thermal  calculations  employed  as  checks  of  the 
equiUbrium  data  are  described. 

Digitized  by  LjOOQ IC 


998  WII.I,IAM  M.  THORNTON,  JR. 

7.  Supposedly  divariant  equilibria  involving  iron  or  ferrous  oxide^ 
ferrous  oxide  or  ferro-ferric  oxide,  water  and  hydrogen  have  been  studied 
by  only  one  method  which  in  the  hands  of  different  observers  yields  dif- 
ferent results.  Possible  reasons  for  these  variations  are  discussed.  It 
is  decided  that  in  the  present  state  of  the  hydrogen  system  the  equilibritun 
data  cannot  be  used  and  that  more  reliable  results  may  be  obtained  by 
calculation  from  the  carbon  system.  Equilibrium  constants  so  calculated 
are  tabulated  and  compared  graphically  with  the  experimental  ones. 
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Introduction 

The  volumetric  estimation  of  copper  through  the  agency  of  a  standard 
solution  of  titanous  chloride  was  first  made  known  by  Rhead.^  The  copper 
salt  is  titrated  in  the  presence  of  an  excess  of  potassium  thiocyanate 
and  a  sufficient  quantity  of  iron  (all  of  which  must  be  in  the  ferrous  con- 
dition) until  the  red  color  of  ferric  thiocyanate  just  disappears.  The 
following  equations  will  serve  to  make  the  matter  clear. 

CuCl,  +  FeCh  "^^  CuCl  -f  FeCU,  (I) 

FeCli  +  3  KCNS  -^^  Fe(CNS),  +  3  KCl.  (II) 

CuClj  +  KCNS  +  TiCl,  — ►  CuCNS  +  KCl  +  TiCU,  (III) 

Fe(CNS)s  +  HCl  +  TiCl,  — >  Fe(CNS)2  -f  HCNS  +  TiCU.  (IV) 

Moser,^  in  turn,  has  studied  this  determination  and  has  found  it  possible 
to  dispense  with  all  indicators,  relying  solely  upon  the  color  of  the  cupric 
salt  itself.  Monnier,^  however,  employs  certain  dyestuiBfs,  viz.,  safranine 
or  indulin,  as  indicators.  Mach  and  Lederle*  have  in  like  manner  in- 
vestigated the  subject.  Finally,  Knecht  and  Hibbert,^  besides  giving 
Rhead*s  procedure,  make  use  of  the  alternate  plan  of  adding  a  measured 
amount  of  standard  ferric  ammonium  sulfate  and  subsequently  deducting 
its  equivalent  in  terms  of  the  titanous  chloride  solution,  the  titer  thus 
corrected  being  proportional  to  the  copper  only. 

Regarding  the  determination  of  copper  when  accompanied  by  iron> 
Rhead^  dismisses  the  case  by  saying  that  the  iron  may  be  removed  as 

1  Rhead,  /.  Chem.  Soc,  89,  1491  (1906). 

2  Moser,  Chem.-Ztg.,  36, 1126  (1912). 

«  Monnier,  Ann.  chim.  anal,  21, 109  (1916). 

*  Mach  and  Lederle,  Landw.  Vers.  Sta.,  90, 191  (1917). 

*  Knecht  and  Hibbert,  "New  Reduction  Methods  in  Volumetric  Analsrsis,"  Long- 
mans, Green  and  Co.,  1918,  pp.  13  and  55. 
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acetate.  This  cannot  be  taken  as  a  felicitous  suggestion;  since  experi- 
ments  by  Brearley,*  which  are  also  cited  by  Ibbotson,^  on  the  separation 
of  iron  from  other  metals  by  differential  hydrolysis  of  the  acetates,  go  to 
show  that  of  the  5  metals,  manganese,  zinc,  cobalt,  nickel  and  copper, 
the  last  is  freed  from  iron  with  the  greatest  difificulty. 

Knecht  and  Hibbert®  precipitate  the  copper  with  hydrogen  sulfide,, 
and  oxidize  the  iron  in  the  filtrate  with  a  mixture  of  ammonium  hydroxide 
and  hydrogen  peroxide.  After  acidifying,  the  iron  is  determined  by  ti- 
trating with  titanous  chloride  in  the  ordinary  way.  In  a  separate  portion 
of  the  sample  the  copper  and  iron  are  estimated  together.  Although  this 
process  would  undoubtedly  yield  accurate  results,  it  has  the  disadvantage 
of  being  rather  troublesome  and  lengthy. 

Monnier,®  however,  resorts  to  the  novel  expedient  of  titrating  one  ali- 
quot part  of  the  test  solution  with  titanous  chloride  using  methylene 
blue  as  indicator,  which  gives  the  iron  alone,  and  treating  another  part 
similarly  but  with  either  safranine  or  indtdin  as  indicator,  the  second 
titer  representing  the  sum  of  the  copper  and  the  iron. 

In  considering  the  above  methods,  it  occurred  to  the  writer  that  the  prob- 
lem of  analyzing  a  mixture  of  copper  and  iron  might  be  solved  in  an  ex- 
tremely simple  way.  If,  after  having  titrated  the  two  metals  (in  the  form 
of  their  sulfates)  with  titanous  sulfate  in  the  presence  of  a  soluble  thio- 
cyanate,  the  cuprous  thiocyanate  should  be  eliminated  by  filtration, 
then  the  iron  could  be  determined  in  the  filtrate  by  titration  with  potassium 
permanganate  after  the  addition  of  sufficient  silver  nitrate  to  precipitate 
the  thiocyanic  acid.^° 

Ezperimeotal 

Klnown  amoimts  of  copper  and  iron,  in  the  form  of  cupric  and  ferric 
sulfates,  respectively,  were  taken  in  solution  of  small  bulk,  preferably 
less  than  100  cc.  Ten  cc.  of  1 :1  sulfuric  acid^^  was  added  and  the  liquid 
cooled  with  running  water  to  15  °,  whereupon,  after  introducing  ammonium 
thiocyanate,^*  the  first  titration  was  accomplished  by  means  of  a  standard 
solution  of  titanium  trisulfate,  the  disappearance  of  the  pink  color  being 

«  Brearley,  Chem.  News,  75, 253  (1897) ;  76, 49, 165, 176,  210,  222  (1897). 

^  Ibbotson,  "The  Chemical  Analysis  of  Steel- Works'  Materials,"  I<ongmans,  Green 
and  Co.,  1920,  pp.  7  and  90. 

» Ref.  6,  p.  56. 

»  Ref.  3,  p.  113. 

w  Cf.  Edgar,  This  Journal,  38,  884  (1916). 

"  Van  Name,  Am.  J.  Set.,  [4]  10,  451  (1900),  has  shown  that  cuprous  thiocyanate 
is  practically  insoluble  in  solutions  containing  up  to  12%  of  cone,  sulfuric  acid  by  volume, 
but  that  precipitation  is  delayed  when  much  acid  is  present.  In  the  present  instance  it 
would  seem  that  the  acid  concentration  may  vary  within  reasonable  limits. 

"  From  2.5  to  5  cc.  of  a  10%  ammonium  thiocyanate  solution  was  used  depending 
upon  the  quantity  of  copper  expected. 
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taken  as  the  correct  end-point.  The  whole  was  then  heated  to  incipi- 
ent ebullition  to  coagulate  the  precipitate,  cooled  somewhat,  filtered 
and  washed  with  cold  water.  The  filtrate  was  cooled  to  15°  and  the  red 
color,  which  will  have  inevitably  returned  to  some  extent,  bleached  out  by 
the  very  careful  addition  of  the  titanium  solution  (this  extra  portion  being 
of  course  neglected).  The  solution  was  cooled  still  further  and,  after  the 
introduction  of  enough  silver  nitrate"  to  precipitate  all  the  thiocyanate, 
but  without  filtering  off  the  precipitate  of  silver  thiocyanate,  the  second 
titration  was  made  with  standard  potassium  permanganate. 

The  accompanying  table  of  experimental  results,  wherein  the  relative 
amounts  of  copper  and  iron  were  greatly  varied,  is  deemed  sufficient  to 
show  that,  in  the  main,  the  process  has  a  fair  claim  to  accuracy 


Tablb  I 

Tbst  Analyses 

5xpt. 

Copper 

taken 

G. 

Copper 
found 

G. 

Copper 

error 

G. 

Iron 

taken 

G. 

Iron 

found 

G. 

Iron 

error 

G. 

1 

0.0640 

0.0634 

-0.0006 

0.0475 

0.0478 

+0.0003 

2 

0.1275 

0.1273 

-0.0002 

0.0095 

0.00935 

-0.00015 

3 

0.0277 

0.0280 

+0.0003 

0.0760 

0.0760 

0.0000 

4 

0.0259 

0.0258 

-0.0001 

0.0665 

0.0666 

+0.0001 

5 

0.0355 

0.0355 

0.0000 

0.0855 

0.0859 

+0.0004 

6 

0.0398 

0.0403 

+0.0005 

0.0760 

0.0760 

0.0000 

7 

0.0120 

0.0129 

+0.0009 

0.0950 

0.0945 

-0.0005 

8 

0.2545 

0.2532 

-0.0013 

0.0095 

0.00905 

-0.00045 

9 

0.1590 

0.1578 

-0.0012 

0.1399 

0.1391 

-0.0008 

10 

0.1590 

0.1588 

-0.0002 

0.0280 

0.0274 

-0.0006 

Notes  and  Precautions 

It  is  important  to  examine  the  titanium  reagent  scrupulously  for  iron 
and  to  apply  the  proper  correction  later  when  calculating  the  iron  con- 
tent of  the  material  being  analyzed.  This  can  easily  be  done  by  the  method 
of  Newton.^* 

Since  both  end-points  must  be  obtained  in  the  presence  of  white  pre- 
cipitates, either  of  which  may  be  of  considerable  magnitude,  some  diffi- 
culty is  likely  to  be  experienced  in  ascertaining  the  points  of  complete 
reaction.  Such  obstacles,  however,  tend  to  diminish  with  practice.  In 
case  the  material  to  be  analyzed  runs  very  high  in  copper  and  very  low 
in  iron,  it  is  advisable  to  add  an  accurately  meastued  volume  of  standard- 
ized ferric  ammonium  sulfate  and  then  deduct  its  value  from  both  titra- 
tions. This  will  enhance  the  deUcacy  of  the  first  color  indication  without 
reducing  appreciably  the  exactness  of  the  process.    For  sharpness  of  the 

"  A  25%  solution  of  silver  nitrate  was  used  in  conjunction  witb  the  10%  ammo- 
nium thiocyanate,  volume  for  volume. 

"  Newton,  Am,  J.  Set.,  [4]  25, 343  (1908). 
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second  end-point,  small  volume  and  low  temperature  and  good  daylight 
are  the  desired  conditions. 

All  titrations  herein  recorded  were  performed  in  air,  the  chief  reason 
for  this  being  that  the  method  would  thus  prove  more  convenient  in  tech- 
nical analysis.  The  small  losses  of  trivalent  titanium  due  to  atmospheric 
oxidation,  as  noted  in  a  previous  communication,"  were  assumed  to  be 
approximately  offset  by  making  the  standardization  experiments  in  the 
air  also. 

Sunmiary 

A  differential  voliunetric  process  has  been  worked  out  for  the  estimation 
of  both  copper  and  iron  in  admixture,  which  depends  upon  the  following^ 
principles. 

1.  The  two  metals,  in  the  form  of  their  sulfates,  may  be  titrated  in  the 
presence  of  a  soluble  thiocyanate  with  a  standard  titanous  sulfate;  the 
titer  corresponds  to  the  sum  of  the  copper  and  the  iron. 

2.  The  coagulated  precipitate  of  cuprous  thiocyanate  produced  in  the 
first  titration  may  be  completely  removed  by  filtration. 

3 .  The  small  amount  of  ferric  sulfate  formed  as  the  result  of  atmospheric 
oxidation  may  be  reduced  to  the  ferrous  condition  by  the  addition  of  an 
extra  portion  of  titanous  sulfate. 

4.  The  thiocyanate  may  be  rendered  inactive  toward  permanganate  by 
the  introduction  of  silver  nitrate  in  excess,  whereupon  the  titration  for  iron 
may  be  carried  out  notwithstanding  the  presence  of  silver  thiocyanate. 

5.  The  titaniiun  trisulfate  must  be  tested  for  iron  and  the  proper  cor- 
rection applied  in  case  an  appreciable  quanity  is  found. 

The  greater  part  of  the  experimental  work  set  forth  above  was  ex- 
ecuted in  the  laboratory  of  the  School  of  Chemistry  of  the  University  of 
Minnesota.  It  is  a  pleasiu-e,  therefore,  to  thank  Dean  Lauder  W.  Jones^* 
for  encouraging  the  research  as  well  as  Dr.  L.  H.  Reyerson,  through  whose 
efforts  the  writer  enjoyed  the  privileges  of  the  University  of  Minnesota 
during  the  stmimer  of  1920  in  the  capacity  of  Research  Fellow  by  Courtesy. 

Moreover,  the  writer  wishes  to  express  his  indebtedness  to  Mr.  Frank 

L.  LaMotte^^  for  the  gift  of  a  liberal  specimen  of  titanous  sulfate,  ^-ith 

which  the  latter  part  of  the  work  was  done.    It  was  found  to  be  virtually 

free  from  iron  so  that  the  correction  previously  mentioned  became  zero. 

Baltimore,  Maryland 

"  Thornton  and  Chapman,  Tras  Journai,,  43,  91  (1921). 
•  "  Now  of  Princeton  University. 
"  LaMotte  Chemical  Products  Company,  13  West  Saratoga  Street,  Baltimore,  Md. 
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[Contribution  prom  the  Chbmicai^ Laboratory  of  Boston  University] 

THE     PHOTOCHEMICAL     ACTIVITY     OF     THE     TRIPHENYL- 
METHANE  SULFONIC  ACIDS 

By  Edward  O.  Holmes,  Jr. 

Received  February  13.  1922 

Introduction 

It  was  accidentally  discovered  that  Schiff's  reagent  contained  in  a  clear 
•quartz  flask  developed  a  color,  apparently  that  of  the  magenta,  when  ex- 
posed to  ultra-violet  light  from  an  iron  arc.  However,  when  the  flask 
was  removed  from  the  light  the  color  slowly  disappeared. 

At  the  time  of  its  discovery,  no  similar  reactions  could  be  found  in 
-chemical  literature  but  as  the  contents  of  foreign  journals  became  avail- 
able, it  was  seen  that  a  reaction  of  the  same  nature  had  been  found  by 
Lifschitz  and  Jpffe.^  These  investigators  decolorized  triphenylmethane 
dyes  with  potassium  cyanide  and  brought  back  the  color  on  exposure 
to   ultra-violet  light. 

Experimental 

Reaction  General  to  Triphenylmethane  Dyes. — Attempts  to  repro- 
duce this  reaction  with  a  newly  prepared  portion  of  Schiff's  reagent  were 
tmsuccessful  at  first.  However,  it  was  soon  found  that  the  concentration 
of  the  sulfurous  acid  had  to  be  very  low  in  order  that  the  reaction  take 
place. 

All  other  triphenylmethane  dyes  at  hand  were  tried,  consisting  of 
malachite  green,  methyl  violet,  and  crystal  violet,  and  ia  each  case  the 
colorless  sulfurous  acid  solution  developed  the  color  of  the  dye  on  exposure 
to  ultra-violet  Ught  in  a  clear  quartz  test-tube.  From  these  results  the 
writer  assumed  that  the  transformation  must  be  general  to  this  class  (rf 
dyes  as  the  explanation  of  the  phenomenon  will  show,  must  be  the  case. 

Color  Developed  Same  as  That  of  the  Dye  in  Solution. — Although 
to  the  eye  the  color  of  the  dyestuff  in  solution  and  that  developed  by  the 
colorless  sulfurous  acid  solution  of  the  dye  imder  th#  influence  of  ultra- 
violet light  were  apparently  the  same,  the  absorption  spectra  of  the  two 
were  compared. 

Method. — The  absorption  spectrum  of  the  dye  was  obtained  in  the 
usual  manner  by  passing  the  Ught  from  an  incandescent  gas  mantle  through 
a  test-tube  containing  a  solution  of  the  dye;  and  the  transmitted  light 
analyzed  in  a  Hilger  direct-reading  spectroscope.  However,  in  the  case 
of  the  sulfurous  acid  solution  of  the  dye,  a  quartz  test-tube  was  used, 
and  in  order  that  the  maximum  color  be  maintained  while  the  measure- 
ments were  being  made,  the  light  from  an  iron  arc  played  on  the  test-tube 
from  one  side. 

^  Lifschitz  and  Joffe,  Ber.,  52B,  1919-26  (1919);  C.  A.,  14, 1984  (1920). 
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Results. — By  this  method,  the  bands  of  the  dyestuff  and  those  de- 
-veloped  by  the  sulfurous  acid  solutions  of  the  dye  under  the  influence  of 
ultra-violet  Ught  were  found  to  be  identical.  In  some  cases  the  color 
tone  was  not  the  same  to  the  eye.  This  led  to  the  belief  that  there  may 
"be  side  reactions  to  a  very  sUght  extent  with  the  formation  of  some  other 
colored  substances. 

Influence  of  Concentration  of  Acid  on  Intensity  of  Color  Developed. — 
With  solutions  of  dye  in  cone,  sulftuous  acid  no  effect  could  be  obtained. 
When  the  solution  was  boiled  so  as  to  reduce  the  concentration  of  the 
acid,  the  color  appeared  on  boiling  but  disappeared  again  on  cooHng. 
This  effect  has  already  been  noticed  by  a  number  of  observers.  However, 
the  cooled  solution  was  active,  giving  color  on  exposm-e  to  ultra-violet 
hght,  and  as  more  sulfur  dioxide  was  boiled  off,  it  became  increasingly  so. 
This  fact  led  to  the  beHef  that  the  amotmt  of  color  developed  might  be 
inversely  proportional  to  the  concentration  of  the  sulftu'ous  acid.  With 
this  in  mind,  a  number  of  quantitative  measurements  were  made,  and  the 
results  plotted  in  the  form  of  curves  in  Fig.  1. 
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Fig.  1 . — Relation  of  maximum  color  to  acid  concentration. 


Procedure. — A  solution  of  magenta  of  known  concentration  was  pre- 
pared and  rendered  colorless  by  passing  in  sulfiu*  dioxide.  The  excess 
of  sulftu-  dioxide  was  boiled  off  and  the  strength  of  the  residual  acid  de- 
termined by  titration. 

A  portion  of  this  solution  was  placed  in  the  quartz  reaction  tube  and 
exposed  to  the  ultra-violet  light  from  an  iron  arc.  The  amount  of  colored 
dyestuff  ion  formed,  which  is  denoted  in  oiu-  figures  by  percentage  con- 
version, was  measured  by  comparing  the  color  in  the  quartz  tube  with  a 
series  of  standards  made  from  the  dye  itself.  Owing  to  the  unevenness 
of  the  quartz  tube,  the  color  measm-ements  could  be  obtained  to  an  ac- 
curacy of  only  a  few  per  cent.,  but  this  was  near  enough  to  show  the  shape 
and  form  of  the  curves.    The  percentage  of  decolorized  magenta  con- 
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verted  into  the  colored  dye  was  plotted  along  the  abscissa  against  time 
along  the  ordinate. 

Conductivity  methods  were  not  used  to  determine  this  conversion 
owing  to  the  danger  of  photochemical  effects  at  the  electrodes  of  the 
conductivity  cell.  Furthermore,  great  inaccuracy  would  be  introduced 
owing  to  the  difficulty  in  measining  the  very  slight  change  in  conduc- 
tivity which  is  caused  by  the  formation  of  ions  from  the  decomposed 
magenta  sulfonic  add  (of  small  concentration),  in  the  presence  oi  such  a 
relatively  large  amount  of  sulfiurous  acid. 

Fig.  1  shows  the  curves  obtained,  the  solid  line  representing  the  con- 
version  into  the  colored  form  when  the  arc  was  running,  and  the  dotted 
line  that  after  the  arc  had  been  turned  off. 

One  will  notice  that  the  smaller  the  concentration  of  the  sulftuxms 
acid,  the  steeper  the  curve  and  the  larger  the  conversion.  Moreover, 
with  high  concentrations  of  acid  the  color  faded  almost  immediately^ 
but  with  low,  concentrations  it  faded  very  slowly,  sometimes  taking  a 
number  of  hours  (not  shown  in  the  curves).  Curves  2  and  3  (in  insert) 
illustrate  the  results  obtained  when  the  solutions  were  diluted  with  equal 
amounts  of  water. 

All  the  curves  indicate  that  there  is  some  sort  of  an  inverse  relati(» 
between  the  maximum  color  obtained  and  the  concentration  of  the  sul- 
furous  acid.  As  the  experimental  error  was  necessarily  large,  the  results 
are  not  good  enough  to  determine  accurately  the  natm-e  of  this  relation. 

The  results  up  to  date  indicate  that  there  are  two  reactions  taking  place: 
(1)  a  decolorizing  reaction  whose  velocity  is  proportional  to  the  concen- 
tration of  the  sulfurous  acid  or  at  least  closely  related  to  it;  and  (2)  a 
colorizing  reaction  in  the  opposite  direction  whose  velocity  is  in  all  proba- 
bility proportional  to  the  intensity  of  the  ultra-violet  light. 

Effect  of  Intensity  of  the  Light 
If  the  above  interpretation  be  correct  then  the  maximum  color  devek>ped 
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should  be  proportional  to  the  mtensity  of  the  light.  To  test  this  point 
a  solution  of  decolorized  magenta  of  known  concentration  was  exposed 
to  the  rays  of  an  iron  arc  at  6  cm.  distance  and  the  rate  of  formation  of 
color  plotted  as  shown  in  Fig.  2,  Curve  1.  The  tntvx\mum  color  obtained 
was  so  intense  that  it  was  impossible  by  the  method  used  in  comparing 
colors  to  obtain  a  reading. 

The  solution  was  allowed  to  decolorize  and  then  was  exposed  again  at 
20  cm.  distance.  The  velocity  was  much  less  than  in  the  former  case  and 
the  maximum  color  was  obtained  in  about  2  minutes.  Again  the  tube  was 
removed  from  the  Ught  and  the  color  allowed  to  fade.  It  was  then  ex- 
posed at  50  cm.  distance.  The  maximum  color  in  this  case  was  of  a  very 
low  order,  as  can  be  seen  from  the  cturve. 

Taking  the  maximum  amotmt  of  color  at  50  cm.  distance  and  calcu- 
lating the  maximum  color  at  20  cm.  distance,  assuming  that  the  maxi- 
mum color  developed  is  proportional  to  the  intensity  of  light,  we  find 
it  should  be  12.5%  conversion.  Prom  the  ctu^e  we  see  that  the  amount 
actually  measured  is  10%  which  is  in  agreement  within  our  experimental 
error.  Hence  the  colorizing  reaction  must  be  photochemical,  as  its  rate 
and  the  maximtmi  color  developed  are  proportional  to  the  amount  of  light 
absorbed. 

Relation  Between  the  Maximum  Color  and  the  Concentration  of 

the  Magenta 

Two  solutions  were  made  up  having  different  concentrations  of  magenta 
but  the  same  of  sulf urous  acid.  They  were  then  exposed  to  the  Ught  tmtil 
a  maximum  color  was  developed. 
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Fig.  3  shows  the  results  in  the  form  of  two  curves.  The  concentration 
oi  the  magenta  in  one  case  was  f otu-  times  that  in  the  other,  and  the  color 
developed  in  the  stronger  solution  was  foiu*  times  that  in  the  weaker, 
showing  a  direct  proporion   between  color  and  concentration  of  magenta,   t 
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Maximum  Color  and  Free  Sulfurous  Add 


Very  remarkable  results  were  obtained  when  a  solution  of  decolorized 
magenta  was  exposed  to  the  ultra-violet  light  and  neutralized  in  steps 
by  the  addition  of  alkali  from  a  buret  above  the  reaction  tube,  the  color 
being  compared  with  a  series  of  standards  after  each  addition  of  alkali. 

At  certain  small  concentrations  of  sulfiu*ous  acid  a  maximum  color 
was  obtained  instead  of  at  the  neutral  point,  as  would  be  expected.  After 
passing  the  maximum  point,  the  color  faded  rapidly,  and  when  the  solution 
was  neutral  the  color  had  entirely  disappeared.  By  adding  acid  in  the 
same  fashion  the  curve  could  be  retraced,  and  could  be  reproduced  at 
will  from  either  the  acid  or  the  alkaline  side.     Fig.  4  shows  the  curves  ob- 
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Normality  of  free  H50, 
4. — Maximum  color  95.  free  sulfurous  acid. 


tained,  each  curve  representing  the  same  solution  of  magenta  but  having 
different  concentrations  of  sulfurous  acid  originally  present.  These 
results  can  be  satisfactorily  explained  only  after  further  investigation. 

Mechanism  of  the  Reaction 

Although  the  measurements  were  necessarily  only  good  approximations, 
they  leave  no  doubt  that  there  are  two  reactions  concerned  in  the  phe- 
nomenon: (1)  the  decolorizing  reaction  taking  place  between  the  magenta 
and  the  sulfurous  acid;  and  (2)  a  colorizing  reaction  decomposing  the 
product  formed  by  the  first  reaction  which  must  be  of  a  photochemical 
nature. 

According  to  Hantzsch^  the  reaction  between  magenta  and  sulfurous 
acid  is  not  a  case  of  reduction  but  the  formation  of  an  addition  product 
causing  a  breaking  of  the  quinoid  structure  and  hence  the  disappearance 
of  color.    A  sulfonic  acid  is  formed  which  is  quite  stable  at  ordinary 

«  Hantzsch,  Ber.,  33,  289  (1900). 
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temperatures  ami  has  been  isolated  and  analyzed.    A  structural  repre- 
sentation of  the  two  reactions  is  given  below. 
NHi 
/\CH. 


V 


Colorizing 

ysss.        I       y — V  (photochemical) 

ClH,N-=<^^^^>-C-<^      ^NH,  +  HtSO,  ^l^ 

Colored  decolorizing 

NHt 


ClH,N<r         X-^—N.        >NH« 

0=S— OH 

II 
Coloriess 

At  ordinary  temperatures  and  in  daylight  the  point  of  equilibrium 
is  far  to  the  right  as  the  solution  is  colorless.  Hence  the  velocity  of  de- 
cx>mposition  of  the  sulfonic  acid  imder  these  conditions  must  be  very  small. 
However,  under  the  influence  of  ultra-violet  light  this  velocity  is  greatly 
increased,  and  the  equilibrium  is  shifted  towards  the  left,  tlie  solution 
becoming  highly  colored.  The  extent  to  which  the  equilibrium  is  shifted 
depends  on  the  already  mentioned  factors. 

This  same  equilibrium  can  also  be  shifted  by  other  means.  If  a  solution  of  the 
coloriess  sulfonic  acid  is  heated^the  color  of  the  dye  appears  but  subsequently  dis- 
appears again  on  cooling,  the  reason  for  this  being  the  difference  in  temperature  co- 
efficients of  the  two  reactions.  Moreover,  by  the  addition  of  alkali  the  color  can  be 
made  to  appear  as  the  sitlfurous  add  is  used  in  neutralization  and  the  equilibrium  caused 
to  shift  to  the  left. 

An  expression  for  the  equilibrium  constant  might  be  derived  by  the  aid 
of  either  the  Byk  or  the  Weigert  theory  of  photo-stationary  states  but 
as  these  theories  are  at  variance  in  certain  particulars,  such  an  expression 
was  not  attempted.  However,  by  making  certain  assumptions  a  simple 
expression  can  be  derived  the  value  of  which  remains  to  be  determined 
by  experiment. 

Ultra-violet  Light  and  Heat. — The  shifting  of  the  equilibrium  which 
takes  place  at  high  temperatures  has  been  caused  to  occur  at  room  tempera- 
ture under  the  influence  of  ultra-violet  light.  In  terms  of  the  quantum 
theory,  the  large  quanta  causing  the  reaction  to  take  place  are  supplied 
by  the  high  frequency  of  the  ultra-violet  light  and  added  to  those  already 
present  in  the  S3rstem,  thereby  increasing  the  radiation  density  and  causing 
an  increase  in  reaction  velocity,  dependent  thereon.  The  ultra-violet 
light  acts  as  "cold  heat,"  so  to  speak. 

W«?e  Length  of  Light  Causing  the  Reaction.— There  was  no  appa- 
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rattis  available  for  the  measurement  of  the  active  wave  lengths  causing  the 
reaction,  but  inasmuch  as  the  reaction  does  not  take  place  in  glass  which 
is  opaque  below  3300  A.  U.  and  does  take  place  in  the  light  of  an  iron  arc 
which  emits  nothing  below  2200  A.  U.,  the  active  rays  lie  between  these 
limits. 

Summary 

1.  Schiff's  reagent  was  fotmd  to  give  a  red  color  under  the  influence 
of  ultra-violet  light  upon  exposure  in  a  clear  quartz  tube. 

2.  Other  triphenylmethane  dyes  that  had  been  decolorized  by  sulfur 
dioxide,  forming  sulfonic  acids,  gave  their  characteristic  colors  tmder 
similar  circumstances. 

3.  The  color  developed  in  each  case  was  proved  to  be  that  of  the  dye 
itself. 

4.  It  was  shown  that  there  were  two  reactions  taking  place:  (1)  a 
decolorizing  reaction;  and  (2)  a  colorizing  reaction  which  is  photochemi- 
cal. 

5.  The  large  quanta  supplied  by  the  ultra-violet  light  cause  the  ve- 
locity of  the  photochemical  reaction  to  increase;  hence  a  shifting  of  the 
equilibrium  takes  place. 

6.  The  equilibrium  in  this  system  can  be  shifted  by  chemical  and  ther- 
mal as  well  as  photochemical  means. 

The  author  desires  to  express  his  appreciation  to  Professor  Norton  A. 
Kent  of  the  Physics  Department  for  his  interest  and  kindness  in  allowing 
the  use  of  laboratory  and  apparatus  in  connection  with  this  work. 
Boston.  Massachusetts 

[Contribution  prom  ths  Chemical  Laboratory  op  thb  University  op  Calipornia  ] 
A  REVISION  OF  THE  ENTROPIES  OF  THE  ELEMENTS 

By  Gilbert  N.  Lewis,  G.  E.  Gibson  and  W.  M.  Latimer 

Received  February  20.  1922 

In  the  future  development  of  thermodynamic  chemistry  it  is  probable 
that  some  of  the  greatest  advances  will  be  made  through  two  new  thermo- 
dynamic principles. 

The  first  of  these  is  known  as  the  Third  Law  of  Thermodynamics, 
which,  when  stated  with  proper  caution,^  may  now  be  regarded  as  one  of 
the  exact  laws  of  nature.  Such  doubt  as  may  have  existed  regarding  the 
adequacy  of  its  experimental  verification  we  believe  will  be  resolved  by 
the  further  and  more  precise  evidence  which  is  to  be  adduced  in  the  pres* 
ent  article. 

^  See  Lewis  and  Gibson,  "The  Third  Law  of  Thermodynamics  and  the  Entropy  of 
of  Solutions  and  of  liquids/'  [This  Joxtrnal,  42,  1529  (1920)].  A  more  complete 
statement  of  the  third  law  is  given  by  Lewis  and  Randall,  "Thermodynamics  and  the 
Free  Energy  of  Chemical  Substances,"  McGraw-Hill,  New  York  (in  press). 
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The  other  principle  which  we  are  about  to  discuss,  and  which  concerns  the 
entropy  of  monatomic  gases,,  has  an  equal  claim  to  consideration  as  an 
exact  law  of  nattu^. 

In  chemical  calculations  based  upon  these  principles,  the  entropies  of 
the  elements  will  play  so  large  a  part  that  they  doubtless  will  become 
recognized  as  among  the  most  important  of  all  physico-chemical  constants. 
Since  the  publication  of  the  first  table  of  the  entropies  of  the  elements* 
new  data  and  new  methods  have  become  available  which  warrant  a  re- 
vision of  that  table. 

The  Entropy  of  Monatomic  Gases 

The  entropy  of  a  perfect  gas,  whose  molal  heat  capacity  at  constant 
volume  is  3/2R,  is  given  by  the  familiar  expression 

5«3/2  RlnT-{-  RlnV  +  const.  (1) 

In  the  classical  theory  of  thermodynamics  no  attempt  was  made  to  evalu- 
ate this  constant  which  might,  at  will,  have  been  assigned  any  finite  or 
infinite  value,  positive  or  negative.  However,  since  the  adoption  of 
Planck's  suggestion  to  take  the  entropy  of  a  certain  class  of  substances 
as  zero  at  the  absolute  zero  of  temperature,  it  has  become  possible  to 
state  the  numerical  value  for  the  entropy  of  a  substance  in  a  given  state. 
It  therefore  became  a  matter  of  interest  to  evaluate  the  constant  in  Equa- 
tion 1  for  various  monatomic  gases. 

Sackur'  in  such  an  investigation  found  that  by  adding  a  new  term  to 
the  entropy  equation,  namely,  3/2i?  In  W,  where  W  is  the  molecular  weight 
of  the  gas,  the  residual  constant  is  the  same  for  different  gases.    Thus, 

5=3/2  RlnT-{-  RlnV  ^S/2RlnW  -^  C  (2) 

and  C  is  independent  of  the  nature  of  the  gas. 

This  generalization,  which  at  the  time  of  its  discovery  could  only  roughly 
be  verified,  has  stood  the  test  furnished  by  the  far  more  accurate  and  ex- 
tensive determinations  of  entropy  which  have  since  been  made.^  On 
the  other  hand,  the  numerical  value  of  the  constant  C  which  Sackur 
calculated  from  certain  speculations  relating  to  the  quantum  theory, 
has  not  been  corroborated;  although  a  similar  calculation  of  Tetrode* 
comes  nearer  to  the  experimental  value. 

It  has,  however,  recently  been  shown  by  Lewis*  that  the  constant  C 

*  Lewis  and  Gibson.  This  Journal,  39, 2654  (1917). 

*  Sackur,  Ann.  Physik,  36,  598  (1911);  40, 67  (1913). 

*  See  the  paper  by  Tolman  [This  Journal,  42,  1185  (1920)]  who  obtained  values 
for  the  entropies  of  numerous  monatomic  gases,  with  the  aid  of  our  previous  entropy 
tables. 

»  Tetrode,  Ann.  Physik,  38,  434  (19i2). 

*  Lewis,  Phys.  Rev.,  18,  121  (1921).  This  question  is  discussed  more  ftdly  In  the 
volume  dedicated  to  Professor  E.  H.  Hall;  "Contributions  from  the  JefiFerson  Physical 
Uboratory,"  Vol.  15,  Cambridge,  Ma«. 
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can  be  calculated,  with  an  accuracy  far  greater  than  can  yet  be  attained 
by  experiment,  from  other  well  known  constants  of  nature.  This  cal- 
culation, which  depends  upon  the  theory  of  ultimate  rational  units/ 
may  be  best  presented  by  writing  Equation  2  in  the  equivalent  forms, 

S^R  In  (r«/«  l^/«  10  +  C  •  (3) 

S^R  In  (C  TVt  w^t  V)  (4) 

where  R  In  C   ^  C. 

Now,  according  to  this  theory  of  ultimate  rational  units,  C  and  C 
become  unity  and  zero  respectively  when  for  W  and  V  we  substitute 
the  mass  of  one  molecule  and  the  voltune  per  molecule,  and  when  mass, 
volume  and  temperature  are  expressed  in  the  new  units.  For  conversion 
we  have  the  relation  that  1  erg-cm.  becomes  l/(4ir^)*  in  Ultimate  rational 
imits  (U.R.U.).  Here  e  is  the  charge  of  an  electron  in  ordinary  electro- 
static units,  namely,  4.774  X  10"*®. 

We  thus  find 

where  k  is  the  gas  constant  for  one  molecule,  1.372  X  10"**;  c  is  the  ve- 
locity of  light,  2.999  X  10^^  and  N  is  the  number  of  molectdes  in  a  mol, 
6.059  X  10*'.  From  these  values  we  find  that  in  ordinary  units 
C  =  RlnC  =  -- 11 .  39.  Because  of  possible  errors  in  the  constants  em- 
ployed, this  value  is  in  doubt  by  about  0 .  01  imit.  Equation  3  then  becomes 
5  =  i?  In  (r»/»  T^/«  TO  -11.39.  (6) 

Thus  with  the  aid  of  these  fundamental  constants,  the  electron  charge, 
the  gas  constant,  Avogadro's  constant,  and  the  velocity  of  light,  and  with 
no  further  experimental  information,  we  are  able  to  calculate  the  entropy 
of  any  gas  of  known  molecular  weight,  which  obeys  the  perfect  gas  law, 
and  which  has  the  heat  capacity  characteristic  of  monatomic  gases. 

For  tabulating  entropies  at  25®  and  1  atmosphere,  we  may  substitute 
for  the  temperatiu-e  and  voliune  (the  latter  from  the  gas  law)  and  thus 
find  for  these  conditions 

5  =  3/2  i?/»  H^  + 25.70.  (7) 

For  only  4  monatomic  gases  have  we  experimental  determinations  of 
the  entropy  of  suflScient  accuracy  to  justify  comparison  with  the  theo- 

Tabls  I 
Entropy  op  Four  Monatomic  Gasss  at  26®  and  1  Atmospherb 

Byexpt.        Calc.  Byexpt.         Cak. 

He 29.2  29.8  Cd 40.0  30.8 

A 36.4  36.7  Hg 41.3  41.5 

retical  equation.    Table  I  shows  the  remarkable  agreement  between  the 
values  calculated  by  Equation  7  and  the  experimental  values  in  these 
'  Lewis  and  Adams,  Phys.  Rev.,  3, 92  (1914). 
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4  cases,  the  differeflce  in  no  case  exceeding  the  probable  experimental 
error. 

For  helium  and  argon  the  experimenW  valued  ar^  thd^  given' in' th^  tabl^  of  Lewis 
and  Gibsoii.  Prom  the  value  for  liquid  mercury,  giV^y  in*  tihat  table,  we  have  obtain^ 
the  value  for  mercury  vapor  by  adding  the  entropy  change  in'  vaporization' as  calculated 
from  the  very  accurate  vapor  pressure  measurements  of  Smith  and  Meilzies,"  and  ol' 
Menzies.*  From  the  formula  which  they  give  we  may  calculate  immediately  the  entropy 
change  in  passing  from  liquid  to  gas,  both  at  one  atmosphere,  and  at  25  **»  298.1**  K. 
We  find  AS '^23.60,  which,  added  to  the  entropy  of  liquid  mercury,  17.80,  gives  the 
entropy  of  mercury  vapor  at  this  temperature  and  pressure,  namely  .%m»41.30. 

For  the  entropy  of  vaporization  of  cadmium  we  have  used  the  value  calculated  by 
Tolman  from  the  vapor  pressure  measurements  of  Egerton,^^  namely,  A^n»28^. 
Adding  this  to  the  value  11.8  which  we  are  going  to  obtain  for  the  entropy  of  solid  cad- 
mium from  the  measurements  of  Griffiths,  we  find  for  the  vapor,  5tM='40.0; 

We  see,  therefore,  that  the  principle  of  Sacknr,  combined  with  the  prin- 
ciple of  ultimate  rational  units,  leads  to  values  of  the  entropy  which  agree 
with  the  experimental  values  within  the  limits  of  experimental  error. 
The  four  gases  which  we  have  available  for  this  comparison  range 
in  atomic  weights  from  4  to  200.  Moreover,  it  has  recently  been  shown 
by  Tolman^^  that,  at  least  in  order  of  magnitude,  the  same  equation  is 
valid  for  free  electrons  with  atomic  weight  0.000544. 

General  Considerations  Relating  to  the  Entropy  of  Solids  and  of  Di- 
atomic Gases 

It  has  been  shown  by  Latimer"  that  also  in  the  case  of  solids  the  atomic 
weight  is  the  chief  factor  in  determining  the  entropy.  Indeed,  by  assuming 
it  to  be  the  sole  factor,  and  using  an  equation  similar  in  form  to  Equation 
7,  but  with  a  different  constant,  he  obtained  values  for  the  entropies  of 
a  large  number  of  solids  which  agreed  very  closely  with  those  obtained 
experimentally.  In  one  or  two  cases,  to  which  we  shall  allude  later,  he 
was  able  in  this  way  to  discover  errors  in  the  experimental  data  (or  their 
interpretation)  which  entered  into  the  table  of  Lewis  and  Gibson;  such 
conclusions  being  later  confirmed  by  new  experiments  or  by  re-inspection 
of  the  older  data. 

Nevertheless,  such  calculations  as  these  cannot  be  completely  valid, 
for  the  entropy  of  any  substance  must  vary  not  only  with  the  tempera- 
ture but  also  with  the  volume,  and  if  any  completely  general  law  can  be 
obtained  for  the  entropy  of  solids  it  must  be  one  which  involves  not  only 
atomic  weight  and  temperature  but  also  some  quantity  such  as  the  atomic 
volume,  or  the  constraint  operating  on  the  atoms  of  the  solid.  Evidently, 
however,  the  term  due  to  such  factors  is  either  small  or  approximately 

*  Smith  and  Menzies,  Tms  Journai.,  32, 1434  (1910). 

•  Menzies,  ibid.,  41, 1783  (1919). 

»  Egerton,  Phil.  Mag.,  33, 333  (1917). 

"  Tohnan,  This  Journal.  43, 1592  (1921). 

»  Utimer,  ibid.,  43,  818  (1921).  r^^^^T^ 
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constant  in  the  salts,  which  Latimer  employed  chiefly,  and  his  principle 
will  be  of  much  service  is  estimating  the  entropies  of  solid  substances 
when  exact  experimental  data  are  lacking. 

Similar  remarks  may  be  made  with  regard  to  Latimer's  calculation 
of  the  entropy  of  diatomic  gases,  where  only  the  atomic  weights  are  con- 
sidered and  not  the  constraints  between  the  atoms.  Here,  also,  the  mass 
appears  to  be  the  predominant  factor  and  the  method  is  capable  of  pre- 
dicting the  approximate  eatropies  of  substances  of  this  class,  usually 
within  one  or  two  entropy  units. 

New  Detenninations  of  Atomic  Entropies  of  Metals 

Sodium. — Recent  investigations  by  GriflBiths  and  Griffiths,"  and  by 
Giinther,"  on  the  specific  heat  of  metallic  sodiimi  are  in  accord  with  the 
data  of  Eastman  and  Rodebush"  which  were  used  in  the  former  table 
of  Lewis  and  Gibson.  Unfortunately  the  new  work  goes  to  no  lower 
temperature.  There  is  no  change  to  be  made  in  the  former  value  for  the 
entropy  of  soditun. 

Potassitun. — In  the  former  calculation  of  the  entropy  of  potassium, 
entire  weight  was  given  to  the  old  calorimetric  values  for  the  heat  of  for- 
mation of  potassium  salts.  In  spite  of  the  fact  that  the  specific-heat 
measurements  have  not  been  carried  to  sufficiently  low  temperature 
to  determine  with  any  precision  the  value  of  9  (the  temperatiu*e  at  which 
Cp  =  3/2  R),  the  results  of  Eastman  and  Rodebush  show  that  no  great 
error  would  be  made  by  assiuning  log  6  «  1 .  32.  Using  this  value  and  the 
graphical  method  of  Lewis  and  Gibson  we  find  for  potassium  S298  —  16. 6. 

Calcium. — Giinther  has  investigated  the  heat  capacity  of  calcium 
at  lower  temperatures  than  those  employed  by  Eastman  and  Rodebush. 
His  results  fall  very  near  to  the  curve  fonfierly  adopted,  but  a  curve 
drawn  through  the  points  of  both  series  leads  to  a  slightly  lower  value 
for  the  entropy.  In  place  of  the  former  value,  11.0,  we  now  find 
5m  =  10.64. 

Alummum. — The  new  data  of  Griffiths  and  Griffiths  permit  a  slight 
improvement  in  the  heat  capacity  of  aluminum  in  the  neighborhood 
of  room  temperature.  In  place  of  the  former  value  of  6.9  we  thence 
obtain  Su%   =    6.82. 

Iron. — The  former  value  for  the  entropy  of  iron  based  solely  on  the 
measurement  of  Dewar,  was  5298  ■"  6.6.    The  data  of  Giinther  at  low 
temperatures  and  of  Griffiths  and  Griffiths  at  higher  temperatures  do  not 
fall  upon  quite  the  same  curve,  the  specific  heats  of  the  former  investigation 
being  lower.    It  is  probable  that  in  the  case  of  a  metal  like  iron  the  spe- 
cific heat  will  be  foimd  to  vary  appreciably  with  the  previous  mechanical 
"  Griffiths  and  Griffiths,  Proc.  Roy.  Soc.  (London),  QOA,  667  (1914). 
*<  Gfinther,  Ann.  Pkysik,  [4]  03,  476  (1020). 
»»  Eastman  and  Rodebush,  This  Journal,  40,  480  (1018). 
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and  thermal  treatment  of  the  metal.  Nevertheless,  it  is  to  be  noted  that 
in  general  the  specific  heats  obtained  by  Gflnther  are  a  little  low.  We 
have  given  a  little  more  weight  to  the  measurements  of  GrifiSiths  and 
Griffiths  and  thus  find  log  6  =  2.016,  and  5j98  =  6,71. 

Zinc. — The  measurements  of  Griffiths  and  Griffiths  lead  to  no  ap- 
preciable change  in  the  entropy.  Instead  of  the  former  value  9.8  we 
find  5298  =  9.83. 

Cadmium. — Previously  the  only  measurement  which  could  be  used 
for  determining  the  entropy  of  ca'dmium  was  the  one  by  Dewar  which 
led  to  the  value  Sajs  =  11.6.  The  data  of  Griffiths  and  Griffiths  lead  to 
a  slightly  higher  value,  namely,  5%%%  =»  11.80. 

Copper. — The  specific  heat  of  copper  has  been  more  fully  investigated 
than  that  of  any  other  substance.  The  newer  work  of  Kamerlingh  Onnes^* 
confirms  previous  experiments  at  low  temperatiu-es.  The  work  of  Griffiths 
and  Griffiths  at  higher  temperatures  leads  to  a  greater  precision  of  the 
curve  in  the  range  where  Cp  —  C,  is  appreciable.  In  place  of  the  old  value 
8.0  we  find  52m  -  8.18. 

Silver. — Here  also  the  measurements  of  Griffiths  and  Griffiths  lead 
to  an  insignificant  change,  and  Ssss  ^  10.25. 

Lead. — Once  more  using  the  data  of  Griffiths  and  Griffiths,  the  en- 
tropy of  lead  is  raised  from  15.4  to  Sm  =»  15.53. 

Tin. — Between  ordinary  white  tin  and  the  gray  tin  which  is  stable 
below  19  ^^  the  difference  in  entropy  can  be  calculated  from  the  measure- 
ments by  Bronsted"  of  the  transition  temperature  and  heat  of  transition 
We  thus  find  that  at  25®  the  entropy  of  the  white  tin  is  greater  by  1 .  87. 

Bronsted  has  also  measured  the  specific  heats  of  the  two  forms  at  low 
temperatiu*es,  and  from  his  measurements  we  find,  by  the  graphical 
method  of  Lewis  and  Gibson ;  for  white  tin,  log  6  »  1 .  688,  and  5298  =11.17; 
while  for  gray  tm  log  9  «  1.800,  and  5298  «  9.23.  The  diflference  in 
entropies  is  1 .  94  and  the  agreement  between  this  value  and  the  value 
1 .  87  found  above  furnishes  a  remarkable  confirmation  of  the  third  law. 

Further  Tests  of  the  Third  Law,  and  the  Entropy  of  Some  Non-Metals 

The  Chlorides  of  Some  Heavy  Metals. — In  the  paper  of  I^ewis  and 
Gibson  six  independent  values  of  the  entropy  of  chlorine  were  obtained, 
but  with  an  average  deviation  from  the  mean  of  nearly  2  entropy  imits. 
Fcmr  of  these  values  were  obtained  from  the  free  energy  and  heat  of  for- 
mation of  the  chlorides  of  mercury,  lead,  silver  and  thallium.  The  prob- 
able errors  in  the  calorimetric  measurements  of  the  heats  of  reaction  were 
alone  considered  sufficient  to  accoimt  for  the  discrepancies. 

In  an  investigation  which  is  not  yet  entirely  completed,  Mr.  R.  H. 

»•  Kamerlingh  Onncs,  Comm.  Phys.  Lab.  Leiden,  No.  147  (1916). 
"  Brdnsted,  Z.  physik.  Chem.,  88, 479  (1914). 
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Gerke  has  obtained  the  electromotive  force  and  the  change  in  electromotive 
force  with  temperature  for  three  cells,  namely, 

(a)  Ajr,  AgCl,"  HgO,  Hg;  E,h -0.0466;  dB/dr= 0.000338 

(b)  Pb,  PbClt,  AgCl,  Ag;  E,M=0.4901;  dE/dr=  -0.000186 

(c)  n  TlCl.  AgCl,  Ag;  E,„ =0.7788;  dE/dr-  -0.000048. 

In  each  case  the  electrolyte  was  molal  potassium  chloride  or  hydrochloric 
acid. 

Now  the  entropy  change,  in  each  cell  reaction,  is  very  simply  obtained 
by  multiplying  dE/dT  by  23074,  which  is  the  factor  that  converts  volt 
equivalents  into  calories.  On  the  other  hand,  the  same  change  in  entropy 
may  be  calculated  from  the  entropies  of  the  metals  and  their  chlorides, 
as  obtained  from  specific  heats,  in  this  paper  and  in  that  of  Lewis  and 
Gibson.  The  values  of  A5,  obtained  by  the  two  methods,  are  compared 
in  Table  II. 

Tablb  II 

Reaction  A5(e.m.f.)  A5(sp.  heats) 

(a)  Ag  +  HgCl  =  AgCl  -f  Hg 7.8                               7.7 

(b)  iPb  +  AgCl  =  JPbCli  +  Ag -4.3                            -4.3 

(c)  Tl  +  AgCl«TlCl  +  Ag -1.1                              0.9 

It  is  evident  in  the  case  of  the  chlorides  of  silver,  mercury  and  lead 
that  the  former  apparent  deviations  from  the  third  law,  amotmting  to 
several  entropy  units,  are  now  completely  eliminated."  In  the  third 
reaction  there  is  a  discrepancy  of  two  entropy  units,  but  a  re-inspection 
of  the  spedfic-heat  data  of  thallous  chloride  shows  that  the  value  of  the  en- 
tropy obtained  by  Lewis  and  Gibson  is  unquestionably  too  high. 

However,  even  if  we  give  ftdl  value  to  the  entropy  of  thallous  chloride 
as  formerly  calculated,  the  average  apparent  deviation  from  the  third  law  in 
the  case  of  these  chlorides  has  been  reduced  tenfold. 

The  Entropy  of  Chlorine. — Gerke  has  also  studied  the  cell  with  chlorine 
and  silver— silver  chloride  electrodes  in  molal  hydrochloric  acid.  His 
present  results  give*  Ejw  -=  1  •  1360,  SB. /AT  =  -0. 00057.  Hence  we  find, 
Ag  +  iCl2  =  AgCl;  A5298  =  —13.15.  Lewis  and  Gibson  found  for 
AgCl,  5j98  =  23.4;  and  we  have  foimd  for  Ag,  5m8  =  10.25.  Hence  we 
find  for  \C\%  5a98  =  26.3.  The  same  value  would  have  been  obtained 
by  combining  the  e.m.f .  and  specific-heat  data  involving  the  other  chlorides 
except  that  of  thallium. 

"  The  sUver  chloride  here  used  is  that  prepared  by  adding  a  chloride  to  a  silver 
salt  in  aqueous  solution.  It  is,  therefore,  presumably  the  same  as  that  employed  in  the 
specific-heat  measurements. 

^  The  exactness  of  the  agreement  between  the  two  values  of  A5  obtained  in  Re- 
actions (a)  and  (b)  must  be  somewhat  fortuitous,  since  the  data  on  the  heat  capacities 
of  the  chlorides  do  not  permit  great  precision  in  the  estimation  of  their  entropies. 

"  These  values  combined  with  those  for  Cell  (a)  give  the  heat  of  formation  of  HgCI 
as  31400  cal.,  which  is  very  close  to  the  value  31500  as  obtained  by  Nemst  [Z,  physik. 
Chem.,  2, 23  (1888) ).  and  by  Varet  [Ann.  chim.  phys.,  [7]  8, 102  (1896)  J. 
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Iodine. — In  the  former  table  the  atomic  entropy  of  iodine  was  given 
as  15.7.  This  value  was  based  on  specie  heat  measurements  of  Nemst. 
The  more  recent  experiments  of  Gtinther*^  showed  that  both  his  own 
measurements  and  those  of  Nemst  were  affected  by  some  peculiar  phenom- 
enon which  he  believed  to  be  a  slow  transition  between  two  forms  of  iodine. 
It  seems  at  present  impossible  to  obtain  any  reliable  value  for  the  entropy 
of  iodine  from  the  specific  heats. 

However,  we  may  determine  the  entropy  through  the  third  law  by  means 
of  a  measurement  by  Gerke  of  the  temperature  coefficient  of  the  electro- 
motive force  of  the  ceU  Pb,  Pblj,  PbCClOi),  Pbl2,  I2  (soHd).  He  thus  finds 
for  the  reaction  Pb  +  I2  =  Pbl,;  A529s  =  -1.20. 

The  entropy  of  lead  iodide  as  obtained  by  Lewis  and  Gibson  from  spe- 
cific-heat measurements  was  41.3;  we  may  obtain  another  value  by  using 
their  entropy  of  silver  iodide,  oiu*  value  for  silver,  and  Gerke's  measure- 
ment, 

Pb  -h  2AgI=2Ag  +  Pbia;  A52m=-8.0. 

Whence  for  Pblj,  Sm  =  40. 6.    We  may  take  the  average  value  for  Pblj, 
namely,  5t88  ==*  41.0. 

We  have  found  the  entropy  of  lead  to  be  15.5,  and*  combining  these 
values  with  Gerke's  value  for  the  entropy  of  formation  of  lead  iodide 
from  lead  and  iodine,  we  find  for  l2(s),   5298  =  26.6,  and  therefore  for 

|I«(S),   5298    =    13.3. 

The  heat  of  sublimation  of  iodine  has  been  carefully  measured  by  Bax- 
ter, Hickey  and  Holmes,"  from  whose  work  we  find  AH298  ==  15100. 
Also  from  their  vapor-pressure  measurements  we  may  calculate  the  free 
energy  change,  AF198  =  4630.  Hence  A5298  =  35.2,  and  combining  this 
with  the  value  for  solid  iodine  we  obtain  for  ili(g),  5i9«  =  30.9. 

Bromine. — ^The  former  value  for  the  entropy  of  bromine  was  obtained 
from  very  meagre  specific-heat  data  largely  by  analogy  to  iodine  and  chlo- 
rine. Since  our  new  values  for  these  elements  are  Ipwer  than  those  ob- 
tained from  the  specific  heats,  that  for  bromine  presumably  should  be 
lowered  by  a  corresponding  amount.  As  a  very  rough  estimate  we  shall 
therefore  take  for  iBriCl),  S198  =  16.3. 

In  this  case,  also,  we  may  obtain  the  entropy  change  in  vaporization 
from  vapor-pressure  measurements.  Using  the  data  of  Ramsay  and 
Young"  we  find  for  iBr»(g),  S,98  =  27.7. 

Oxygen. — In  the  case  of  oxygen  we  have  three  independent  methods 
of  determining  the  entropy,  which  afford  a  very  good  test  of  the  third  law. 
From  the  measurements  of  Eucken  of  the  specific  heats  and  heats  of  transi- 

"  Gfinther,  Ann.  Physik,  [4]  51, 828  (1916). 

»«  Baxter.  Hickey  and  Holmes,  Tms  JousKAi.^  29, 127  (1907). 

"  l^amsay  and  Young,  /.  Chem.  Soc.,  49, 453  (1888). 
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tion  of  the  various  forms  of  oxygen,  Lewis  and  Gibson  found  for  ^Oi, 
S,98    -=    24.1. 

They  also  show  how  it  is  possible  from  the  entropy  of  graphite  and  of 
carbon  monoxide,  and  from  the  heat  and  the  free  energy  change  in  the 
formation  of  carbon  monoxide  from  carbon  and  oxygen,  to  calculate  the 
entropy  of  oxygen.    Hence  for  JOj,  Sm  ^  22.8. 

A  third  very  reliable  calculation  is  now  permitted  by  the  measurements 
of  Giinther^^  on  the  specific  heat  of  mercuric  oxide.  Prom  his  data  we 
find  by  the  usual  graphical  methods  for  HgO,  5s9b  "■  16.3.  From  the  heat 
of  formation  and  free  energy  of  formation  of  mercuric  oxide,  as  obtained 
from  various  data  by  Lewis  and  Randall,  ^^  we  find  the  entropy  change  in 
the  formation  of  mercuric  oxide  from  its  elements,  namely,  A5296  ""  26. 1. 
The  entropy  of  mercmy  from  the  former  table  is  17. 8,  and  by  combining 
these  several  data,  we  find  for  JOa,  Saw  «  24.6. 

These  three  values,  24.1,  22.8  and  24.6  certainly  agree  within  the 
limits  of  experimental  error  of  the  three  methods,  and  we  may  finally 
take,  as  a  weighted  mean,  24.0. 

Nitrogen. — New  work  by  Kamerlingh  Onnes*'  on  the  specific  heat 
of  solid  and  liquid  nitrogen  confirms  in  a  most  satisfactory  manner  the 
work  of  Eucken,  and  leads  to  no  change  in  the  value  of  the  entropy  of  this 
element. 

Hydrogen. — ^An  entirely  new  method  of  determining  the  entropy 
of  hydrogen  is  furnished  by  Equation  6,  for  Eucken  has  shown  that  below 
about  60°  K  hydrogen  has  the  heat  capacity  of  a  monatomic  gas,  and  under 
these  conditions  there  can  be  little  doubt  that  its  entropy  can  be  calcu- 
lated as  for  a  monatomic  gas  of  atomic  weight  2.^*  We  may  therefore 
calculate  its  entropy,  say  at  the  boiling  point  of  liquid  hydrogen,  and  then 
use  the  data  of  Eucken,  as  in  the  paper  of  Lewis  and  Gibson,  to  find  the 
entropy  at  25**.  This  gives  us  for  JHj,  S^^s  =  14.72.  This  is  more 
certain  than  any  other  determination  of  the  entropy,  and  we  may  take  it 
as  the  final  value.  •Lewis  and  Gibson  obtained  15.9  from  the  specific 
heat  of  ice  and  the  third  law,  while  they  obtained  14.7  from  the  specific 
heat  of  hydrogen.  In  the  meantime,  however,  Kamerlingh  Onnes*' 
has  redetermined  the  heat  of  fusion  of  solid  hydrogen,  the  specific  heat 
of  liquid  hydrogen,  and  the  vapor  pressm^e  of  the  latter,  at  several  tempera- 
ttu*es,  whence  we  may  obtain  the  entropy  of  vaporization;  and  these  data 
lead  to  a  value  for  the  entropy  of  hydrogen  which  is  0. 67  higher  than  the 
value  which  we  have  just  obtained  from  the  principle  of  ultimate  rational 
units  through  Equation  6.    But  it  is  to  be  noted  that  this  discrepancy 

»*  Lewis  and  Randall,  This  Journal.  36, 1969  (1914). 

»  Kamerlingh  Onnes,  Comm.  Phys.  Lab.  Leiden,  149  (1916). 

»  See  Tolman,  This  Journal,  42, 1185  (1920). 

^  Kamerlingh  Onnes.  Comm.  Phys.  Lab.  Leiden,  153  (1917). 
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is  no  greater  than  the  uncertainty  which  probably  still  exists  in  the  heat 
of  vaporization  and  the  heat  of  fusion  of  hydrogen. 

Summary 
In  Table  III  we  shall  collect  for  reference  all  of  the  atomic  entropies 
which  have  been  so  far  calculated,  also  including  the  entropies  of  a  number 
of  elements  in  the  state  of  monatomic  gas,  as  calculated  from  Equation  7. 


Atomic  Entropibs 


Electricity  (E~.  g). 
Hydrogen  (J<H»).. 

Hydrogen  (H) 

Helium 

lithium 

Lithium  (g) 

Berylliiun 

Carbon  (diamond) . . 
Carbon  (graphite) . . 
Nitrogen  (J<Ni).... 

Nitrogen  (N) 

Oxygen  (HOi) 

Oxygen  (O) 

Fluorine  (F) 

Neon 

Sodium 

Sodium  (g) 

Magnesium 

Aluminum 

Silicon  (metal) 

Phosphorus  (P,  g) . . 
Sulfur  (rhombic) . . . 
Sulfur  (moDodtnic) . 

Sulfur  (S,g) 

Chlorine  (^^Cli,  g) . 
Chlorine  (CI,  g).... 

Argon r. 

Potassium 

Potassium  (g)..'  — 

C^ilrium 

Calcium  (g) 

Titaniupi 

Chromium 

Manganese 

Iron 

Cobalt 

Nickel 


Tabi^  III 
AT  One  AtmosprkrS  and  25* 

3.28        Copper 8.18 

14.72        Zinc 9.83 

26.72        Zinc(g) 38.17 

29.83        Bromine  (MBri,  1) 16.3 

7.6  Bromine  (}iBrs,  g) '27.7 

31.48        Bromine  (Br,  g) 38.77 

7.3          Krypton 38.88 

0.6          Rubidium  (g) 38.97 

1.3          Zirconium 9.5 

22.8         Molybdenum 7.5 

33.67        Ruthenium 6.9 

24.0          Rhodium 7.6 

33.97        Palladium 8.9 

34.48        SUver 10.25 

34.66        Cadmium 11.80 

12.2  Cadmium  (g) 39.79 

35.06        Tin  (white) 11.17 

8.3          Tin  (gray) 9.23 

6.82        Iodmc(HIt,s) 13.3 

4.7  Iodme(HIi.g) 30.9 

36.96        Iodine(I.g) 40.16 

7.6          Xenon 40.23 

7.8  Cc8ium(g) 40.28 

36.04        Lanthanum 13.7 

26.3  Cerium 13.8 

36.36        Tungsten 8.4 

36.70  Osouum 7.8 

16.6         Iridium 8.7 

36.63  Platinum 10.0 

10.64  Gold 11.0 

36.71  Mercury  (1) 17.8 

6.6          Mercury  (g) 41.51 

6.8          Thallmm 14.6 

7.3          Lead 15.63 

6.71        Niton 41.81 

7.2         Thorium 13.6 

7.2          Uranium 11.1 
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THE  REDUCTION  OF  VANADIC  ACID  SOLUTIONS  WITH  MER- 
CURY 

By  LbRoy  W.  McCay  and  Wiluam  T.  Anderson,  Jr. 

Received  February  24,  1922 

Theoretical 
When  a  hydrochloric  or  sulfuric  acid  solution  of  a  vanadate  is  shaken 
vigorously  in  the  presence  of  mercury  the  solution  becomes  pure  blue 
in  color,  the  vanadium  being  reduced  to  the  quadrivalent  state. 
HVO,  +  Hg  +  3  HCl-VOCl,  +  HgCl  +  2  H,0 
2  HVO«  4-  2Hg  +  3H2S04=2VOS04  +  HgiSO*  +  4H,0. 
If  the  sulfuric  acid  solution  of  the  vanadate,  before  ishaking  it  with  mer- 
cury, be  mixed  with  a  solution  of  a  Uttle  more  sodium  chloride  than  that 
equivalent  to  the  mercurous  sulfate  formed,  as  indicated  in  the  above 
equation,  all  the  mercury  oxidized  during  the  reaction  will  be  precipi- 
tated as  mercurous  chloride,  which  can  be  filtered  off  and  a  clear  liquid 
obtained  suitable  for  titration  with  potassium  permanganate.    The  re- 
moval of  the  mercury  present  in  the  lower  state  of  oxidation  is  necessary, 
for  solutions  of  merctu*ous  salts  are  oxidized  by  permanganate.    A  solu- 
tion of  potassium  permanganate  acts  upon  one  of  a  vanadyl  salt  heated 
to  about  80°  in  the  following  manner. 

10  VOSO4  -h  2KMn04  4-  12HtO  =  10HVO«  +  K^Oa  +  2  MnS04  +  7HiSO. 
One  cc.  of  0.1  iV  permanganate  solution  is  equivalent  to  0.0051  g.  of 
vanadium.  The  results  are  very  accurate,  for  the  small  amotmt  of  chlo- 
ride remaining  in  the  solution  has  no  perceptible  action  on  the  permanga- 
nate. Fifty  cc.  of  0.1  iV  permanganate  solution  shows  the  presence  of 
0. 255  g.  of  vanadium,  whidi  is  equivalent  to  1 .  003  g.  of  mercury  as  mer- 
curous salt,  and  to  react  with  this  quantity  0.2925  g.  of  sodium  diloride 
is  required.  Asstuning  then  that  in  making  a  determination  of  vanadium 
not  more  than  50  cc.  of  0. 1  iV  permanganate  solution  will  be  required, 
0.3  g.  of  sodium  chloride  should  be  dissolved  in  the  sulfuric  acid  solution 
prior  to  reducing  it  with  mercury. 

Experimental 

The  sulfuric  acid  solution  of  vanadic  acid,  containing  the  ^necessary 
amount  of  sodium  chloride  and  diluted  to  about  100  cc,  was  placed  in 
a  bottle  of  convenient  size  provided  with  a  well  fitting  ground-glass  stopper, 
20  cc.  (272  g.)  of  mercury  was  added,  the  bottle  stoppered  and  the  whole 
shaken  vigorously  for  5  minutes.  The  liquid  above  the  slate-colored 
mixture  of  finely  divided  mercury  and  mercurous  chloride  was  decanted 
into  a  small  beaker,  from  which  it  was  poured  through  a  suction  filter. 
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The  residue  in  the  bottk  was  washed  four  times  by  decantation,  20  cc. 
of  water  being  used  for  each  washing,  and  the  washings  were  severally  de- 
canted into  the  beaker  and  then  through  the  filter.  The  procedure  here 
followed  is  identical  with  that  described  in  a  recent  paper,  ^  where  directions 
for  the  recovery  of  the  mercury  are  also  given.  The  filtrate  was  then  diluted 
to  250  cc.,  heated  to  80-90 ^^  and  titrated  with  permanganate  to  the  faint- 
est pink.  Since  the  mixture  of  mercury  and  mercurous  chloride  remain- 
ing in  the  bottle  is  as  active  as  pure  mercury,  the  bottle  after  each  de- 
termination was  stoppered  and  placed  aside  so  as  to  be  ready  at  any  mo- 
ment for  further  reductions.  To  reduce  a  solution,  filter  it,  carry  out  the 
necessary  washings,  heat  to  90  ^^  and  titrate  requires  about  half  an  hour. 

A  solution  of  crystallized  sodium  vanadate,  containing  somewhat  more 
sulfuric  acid  than  that  necessary  to  inhibit  the  separation  of  any  meta- 
vanadates,  was  standardized  by  the  sulfur  dioxide^  and  then  examined 
by  the  mercury  method. 


Sulfur  Dioxide  Method 

Mercury  Method 

Using  0.1  iV 

Using  0.05  TV 

Using  0.1  N 

Using  0.05  iV 

KMnOiand 

KMn04  and  10  cc. 

KMn04  and 

KMnOiandlOcc. 

25  cc.  of  solution 

of  solution 

25  cc.  of  solution 

of  solution 

V 

V 

V 

V 

No. 

G. 

G. 

No. 

G. 

G. 

1 

0.1033 

0.0410 

1 

0.1033 

0.0411 

2 

0.1033 

0.0411 

2 

0.1039 

0.0411 

3 

0.1035 

0.0411 

3 

4 

0.1036 
0.1033 

0.0410 

Another  solution,  prepared  as  above  outlined  and  standardized  carefully 
by  the  sulfur  dioxide  method  by  M.,  was  examined  according  to  the  mer- 
cury method  by  A.  to  whom  the  concentration  of  the  solution  was  unknown. 
Fifty  cc.  of  this  solution  was  taken  in  each  case  and  an  approximately 
O.l  N  potassium  permanganate  solution  was  employed. 


Sulfur  Dioxide  Method  (M) 

Mercury  Method  (A) 

So. 

Found  V 

Found  V 

G. 

G. 

1 

0.1379 

0.1375 

2 

0.1373 

0.1373 

3 

0.1376 

0.1375 

4 

.... 

0.1373 

5 

0.1374 

Av. 

0.1376 

0.1374 

The  results  obtained  by  the  two  methods  are  practically  identical. 

Since  hydrochloric  and  sulfuric  acid  solutions  of  arsenic  acid  are  not 
reduced  when  shaken  with  mercury,  the  method  may  be  employed  for  the 

1  This  Journal,  43,  2372  (1921). 

•  Treadwdl-HaU,  "Quantitative  Analysis."  John  Wiley  and  Sons,  New  York,  1908, 
p.  501. 
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determination  of  vanadium  in  the  presence  of  arsenic  acid.'  That  the 
results  obtained  are  very  accurate  will  be  evident  from  those  given  below. 
Sulfuric  acid  solutions  containing  the  amount  of  sodium  chloride  specified 
were  employed  in  all  cases. 


No. 

Vanadium  Taken* 

KHtAsOi 
G. 

Vanadium  Found 
O. 

1 
2 
3 

0.1376 
0.1376 
0.1376 

0.2301 
0.1564 
0.3008 

0.1376 
0.1375 
0.1377 

"  50  cc.  of  standardized  sodium  vanadate  solution  (one  above  employed)  =0.1376  g. 
of  vanadium. 

The  presence  of  uranic  acid  or  a  uranyl  salt  does  not  interfere  with  the 
determination  of  the  vanadium,  for  when  0.1376  g.  of  vanadium  was 
taken  in  the  presence  of  0.1974  g.  of  monopotassium  orthoarsenate 
and  0.2103  g.  of  uranyl  nitrate  hexahydrate,  0.1376  g.  of  vanadium 
(the  amount  taken)  was  found.  Two  check  determinations  gave  0. 1374 
and  0. 1379  g.  of  vanadium.    The  average  is  0. 1376  g. 

While  the  method  has  no  advantages  over  the  sulfiw  dioxide  process 
so  far  as  accuracy  is  concerned,  it  is  shorter  and  requires  less  oversight 
than  the  latter.  The  use  of  sulfur  dioxide  and  hydrogen  sulfide  as  reducing 
agents  is  always  more  or  less  objectionable,  and  to  expel  these  gases  from 
the  reduced  solutions  by  boiling  them  in  a  current  of  carbon  dioxide 
requires  considerable  time.  It  frequently  happens,  too,  that  the  gases 
must  be  especially  prepared  when  a  determination  of  vanadium  is  called 
for,  whereas  the  bottle  containing  the  mercury,  or  mixture  of  mercury  and 
mercurous  chloride,  is  always  ready,  and  the  reduction  with  it  complete 
in  5  minutes. 

Summary 

1.  The  vanadium  in  a  sulftuic  acid  solution  of  vanadic  acid  containing 
a  relatively  small  amount  of  sodium  chloride  is  completely  reduced  to 
the  quadrivalent  state  when  shaken  in  the  presence  of  merciuy  for  5  minutes. 
Since  the  quantity  of  chloride  remaining  in  solution  after  the  reduction  is 
extremely  small,  the  method  is  well  adapted  for  preparing  solutions  of 
vanadium  prior  to  titrating  them  with  potassium  permanganate. 

2.  By  this  method  vanadium  can  be  accurately  determined  in  the 
presence  of  arsenic  and  uranic  acids  which  are  not  reduced  by  similar 
treatment  with  mercury. 

*  Some  preliminary  experiments  indicate  that  iron  also,  provided  the  ferric  sulfate 
solution  contain  the  prescribed  quantity  of  sodium  chloride,  may  be  determined  rapidly 
and  accurately  in  the  presence  of  arsenates  and  uranyl  salts.  Thus,  when  0.1177  g. 
of  iron  was  taken  in  the  presence  of  0.2131  g.  of  monopotassium  orthoarsenate  and  0.3157 
g.  of  uranyl  nitrate  hexahydrate,  0.1180  g.  of  iron  was  found.  Two  other  determina- 
tions, made  under  like  conditions,  gave  0.1 174  and  0. 1 186  g.  of  iron.  The  average  of  the 
three  is  0.1180  g. 
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3.     The  method  is  shorter,  more  convenient,  and  requires  less  oversight 
than  that  involving  the  use  of  sulfur  dioxide,  and  the  results  are  fully  as 
accurate  as  those  obtained  by  the  latter  process. 
Princeton,  Nbw  Jbrsby 

(Contribution  from  the  Research  Laboratory  of  Physical  Chemistry, 
Massachusetts  iNSTrruTE  of  Technology,  No.  145) 

THE  EFFECT  OF  HYDROGEN  PRESSURE  ON  THE  ELECTRO- 
MOTIVE   FORCE    OF    A    HYDROGEN-CALOMEL    CELL.    I 

By  WiLLLAM  R.  Hainsworth  and  Duncan  A.  MacInnes 

Received  February  26,  1922 

Introduction 

This  investigation  is  concerned  with  the  effect  of  pressure  of  gaseous 
hydrogen  on  the  potential  of  a  cell  consisting  of  a  hydrogen  electrode 
and  a  calomel  electrode,  both  in  0. 1  N  hydrochloric  acid,  i.  e.,  a  cell  of  the 
type 

H,  I  HCKO.l  N),  HgCl  I  Hg. 
The  main  interest  of  the  experiments  is,  of  course,  the  effect  of  varying  the 
hydrogen  pressiire  on  the  potential  of  a  reversible  hydrogen  electrode. 
In  a  series  of  investigations,  the  results  of  which  have  appeared  in  This 
Journal,  one  of  the  authors,  with  his  associates,  has  endeavored  to  explain 
the  irreversible  overvoltage  effects  occurring  when  hydrogen  gas  is  formed 
from  its  ions.  It  became  evident  during  these  researches  that  equilibrium 
measurements,  such  as  will  be  described  below,  are  essential  for  a  more 
complete  knowledge  of  the  phenomena  of  hydrogen  overvoltage.  A  dis- 
cussion of  this  relation  will  be  reserved  for  another  paper.  The  measure- 
ments are,  however,  of  interest  outside  of  this  connection. 

Lewis  and  Randall,^  Loomis  and  Acree*  and  Ellis'  have  studied  the  effect 
of  pressure  on  a  reversible  hydrogen  electrode.  They  found  that  the  usual 
equation 

jR.T 
^E^^lnp  (1) 

(in  which  AE  is  the  change  of  the  e.m.f.  of  the  cell  produced  by  changing 
the  pressure  from  1  atmosphere  to  p  atmospheres)  is  applicable  within 
the  experimental  error.  The  range  of  Ellis'  experiments  was,  however, 
only  from  1  to  1 . 5  atmospheres  and  this  was  considerably  greater  than  the 
ranges  of  pressures  covered  by  the  other  investigators.  In  this  research 
the  pressure  range  was  extended  to  400  atmospheres. 
This  article  will  discuss  the  apparatus  used  for  the  measurements, 

»  Lewis  and  Randall,  This  Journal,  36, 1969  (1914). 

«  Loomis  and  Acrec,  ibid.,  38,  2391  (1916). 

»  Ellis,  ibid.,  38,  737  (1916). 
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the  experimental  results,  and  also' a  more  complete  expression  than  Equation 
1  for  the  change  of  e.m.f.  with  pressure,  and  one  which  is  applicable  to 
higher  pressures. 

The  Apparatus 

The  apparatus  consisted  of  (a)  the  hydrogen -calomel  cell,  contained  in 
a  steel  bomb,  and  (6)  the  equipment  for  obtaining  and  meastuing  high  pres- 
sures of  hydrogen,  and  of  controlling  the  passage  of  the  gas  through  the  cell. 

(a)  The  CelL — The  cell  consisted,  as  is  stated  above, 
of  a  hydrogen  electrode  and  a  calomel  electrode  inO.l  iV 
hydrochloric  acid.  The  hydrogen  electrode,  A  in  Fig.  1 , 
was  made  of  pure  platinum  gauze  platinized  according  to 
the  directions  of  Kohlrausch  and  Holbom.^  Hydrogen 
passed  into  the  cell  and  over  the  electrode  through  the 
tube  H,  and  out  through  a  small  hole  in  the  cell  wall  at  V. 
The  lower  half  of  the  cell  held  the  calomel  electrode  B,* 
connection  being  made  with  the  mercury  by  means  of  a 
platinum  wire  sealed  through  the  glass  of  the  cell  wall. 
The  bends  in  the  glass  tubing  (at  D  in  the  figure)  between 
the  two  half -cells  served  to  prevent  finely  divided  platinum 
from  falling  into  the  calomel,  and  to  lengthen  the  path  of 
diffusion  for  the  calomel  in  solution,  thus  protecting  the 
platinum  electrode  from  the  poisoning  effect  of  the  mer- 
cury salt.  Contact  was  made  with  the  calomel  electrode 
by  connecting,  as  shown,  to  mercury  in  the  bottom  of  the 
bomb.  The  hydrogen  electrode  was  connected  by  means 
of  a  mercury  cup  to  a  steel  rod,  J,  passing  through  a 
specially  designed  insulating  pressure  joint,  P.  It  was 
necessary  to  make  several  of  these  joints  before  one  was 
obtained  which  would  not  give  a  galvanometer  deflection 
with  a  potential  across  the  insulation.  Hard  rubber  in- 
sulators with  mica  washers  were  finally  successful. 

The  Bomb. — The  bomb  consisted  of  a  piece  of  37mm. 
hexagonal,  cold-rolled  steel,  25  cm.  long,  bored  with  a 
19mm.  drill,  and  internally  beveled  to  60"  at  the  top. 
The  plug  K  closing  the  bomb  and  holding  the  insulating 
joint  was  beveled  to  59.5°  at  the  base,  and  was  held  in 
place  with  a  lock  nut,  N,  as  shown.  The  copper  tubing  O 
and  O'  which  was  used  to  lead  the  hydrogen  in  and  out  of 
the  cell  was  fastened  with  silver  solder  through  holes  in  the 
plug.  Connection  to  the  potentiometer  was  made  by 
wires  to  the  insulated  steel  rod  and  to  one  of  the  copper 
Fig.  1.  tubes. 
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*  Kohlrausch  and  Holborn,  "Leitvermogen  der  Electrolyte,"  Teubner,  Leipsig, 
1898,  p.  9. 

•  The  mercurous  chloride  for  the  calomel  electrode  was  precipitated  from  mercurous 
nitrate  solution  and  was  washed  repeatedly  with  distilled  water,  followed  by  0 . 1  N 
HCl  solution.  A  saturated  solution  was  then  obtained  by  agitating  the  calomel  in  0. 1  N 
HCl  for  several  days,  at  approximately  25". 
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An  annoying  difficulty,  during  the  early  experiments,  was  that  surges  of  gas  would 
occur  which  would  blow  all  the  solution  out  of  the  upper  half  of  the  cell.  These  surges 
were  largely  due  to  the  fact  that  the  operator  could  not  tell  the  rate  of  formation  of 
hydrogen  bubbles  in  the  cell.  Control  was  made  possible  by  placing  a  simple  micro- 
phone at  the  point  M.  This  consisted  of  a  light  carbon  pencil  between  two  carbon  sup- 
ports, to  which  were  connected  a  single  dry  cell  and  a  telephone  receiver.  With  this 
arrangement  the  breaking  loose  of  each  bubble  was  distinctly  audible.  At  the  higher 
pressures  (above  100  atmospheres)  this  device  decreased  in  sensitiveness  for  some  reason 
that  we  have  not  been  able  to  discover.  However,  regulation  at  these  pressures  was 
easier,  as  the  differences  were  smaller  between  the  successive  presstu-es  in  the  cell  and 
those  in  the  hydrogen  reservoir. 

(Jb)  The  Apparatus  for  Obtaining  and  Measuring  E^drogen  at  Different  Pressures. 
— The  apparatus  as  a  whole  is  shown  diagrfunmatically  in  Fig.  2.  The  flow  of  hydrogen 
from  the  tank  A  (at  a  maximum  pressure  of  120  atmospheres)  was  controlled  by  the  tank 


\^W 


Fig.  2. 

valve  and  the  capillary  copper  tubing  B.  Traces  of  oxygen,  in  the  (electrolytic)  tank 
hydrogen,  were  removed  by  passage  over  platinized  asbestos,  maintained  at  110**  in  the 
chamber  G.  The  water  formed  was  condensed  in  the  drip  pot  D,  which  also  served  to 
saturate  the  hydrogen  with  water  vapor  at  approximately  26°.  The  gas  then  passed 
through  the  needle  valve  E,  either  to  the  cell,  through  the  controlling  valves  F  and  F' 
and  the  capillary  tubing,  or  into  the  cylinder  G,  for  further  compression. 

The  higher  pressures  (above  120  atmospheres)  were  obtained  by  first  displacing  the 
mercury  in  G  by  hsrdrogen  at  the  tank  pressure,  with  valves  F  and  F'  closed,  and  then 
closing  E  and  forcing  oil  from  the  graduated  container  H  into  the  cylinder  I,  by  means  of 
the  Cailletet  hydraulic  pump  J.  Care  was  taken  to  allow  no  oil  to  get  into  the  gas  cham- 
ber over  the  mercury,  as  it  is  probable  that,  if  it  should,  frothing  would  result  when  the 
pressure  was  decreased,  filling  the  copper  tubing  and  other  parts  of  the  apparatus  with 
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oil.  The  levels  of  mercury  and  oil  were  controlled  by  watching  the  amounts  of  oil 
remaining  in  H,  and  also  by  noting  the  pressures  registered  by  the  pump  gage.  The 
gas,  at  the  higher  pressure,  was  allowed  to  pass  through  the  valves  P  and  F',  and  through 
the  cell  (keeping  the  valve  E  dosed)  after  which  it  escaped  through  the  capillary  tubing 
and  the  outlet  valve  into  the  atmosphere  at  O. 

The  pressures  in  the  cell  were  determined  by  the  gages  K  knd  K'.  Two  Crosby 
hydrostatic  gages,  and  a  special  hydrostatic  test  gage,  reading  to  1500,  6000  and  8000 
pounds  per  square  inch,  respectively,  were  used  in  various  combinations,  different  gages, 
or  combinations  for  comparison,  being  of  service  at  different  ranges  of  pressure.  These 
gages  were  calibrated  against  a  standard  piston  and  weight  apparatus  such  as  is  de- 
scribed by  Keyes  and  Brownlee.*  The  latter  gage  had  previously  been  tested  against  a 
mercury  column.  A  slight  inaccuracy  in  the  hydrostatic  gages  probably  developed  dur- 
ing use,  due  to  strain  of  the  metal  parts.  It  seems  likely  that  this  was  the  principal 
source  of  experimental  errors  in  this  work.  The  comparison  of  several  series  of  measure- 
ments indicates  that  this  error  did  not  lead  to  uncertainties  of  over  0.2  mv.  in  the 
calculated  potentials  of  the  ceil.  However,  the  investigation  is  now  being  carried  to 
higher  pressures  with  a  piston  and  weight  apparatus  (such  as  was  used  in  calibrating  the 
gages)  for  measuring  the  pressures. 

The  bomb  P,  containing  the  cell,  was  placed  in  a  thermostat,  kept  at  25°  ^0.1°. 
The  temperattu-e  was  measured  on  a  thermometer  which  had  been  calibrated  by  the 
Bureau  of  Standards.  Kerosene  was  used  in  the  thermostat,  instead  of  water,  to  pre- 
vent rusting  of  the  steel  bomb,  and  to  provide  additional  insulation. 

A  Leeds  and  Northrup  potentiometer,  which  was  carefully  calibrated  during  the 
course  of  this  work,  was  used  to  measure  the  e.m.f.  of  the  cell.  The  standard  cell  used 
was  compared,  at  intervals,  with  another  standard  cell  which  had  recently  been  cali- 
brated by  the  Bureau  of  Standards. 

Details  of  Manipulation. — ^The  following  procedure  was  adopted 
in  obtaining  the  experimental  data.  The  lower  half  of  the  cell  was  filled 
(with  the  aid  of  suction)  by  introducing  pure  mercury,  solid  calomel  and 
O.l  N  hydrochloric  acid  saturated  with  calomel.  After  rinsing  the  upper 
half  of  the  cell  several  time^with  pure  0. 1  N  hydrochloric  add  and  nearly 
filling  with  this  solution,  the  platinized  platinum  electrode,  which  had  been 
washed  with  acid  of  the  same  concentration,  was  inserted.  The  upper 
half  of  the  cell  was  then  saturated  with  hydrogen  at  atmospheric  pressure, 
and,  if  the  cell  potential  was  within  0. 1  millivolt  of  0.3990,'  at  25°,  cor- 
rected to  one  atmosphere  of  hydrogen  and  exactly  O.l  N  hydrochloric 
acid,  it  was  placed  in  the  bomb,  and  the  cone  joint  tightened  The  hydro- 
gen pressure  was  then  increased.  At  intervals  the  pressure  was  held 
constant  by  a  manipulation  of  the  valves,  which  allowed  a  small  amount 

*  Keyes  and  Brownlee,  "The  Thermod3maniic  Properties  of  Ammonia,"  Wiley  and 
Sons,  1916,  p.  10. 

7  Other  than  work  on  standard  cells,  the  combination:  Ht  (1  atm.)  HCl  (P.IN), 
HgCl|Hg  at  26''  has  received  more  attention  than  any  other  cell.  Lewis,  Brighton,  and 
Sebastian,  [This  Journai*,  39,  2257  (1917)],  give  a  stunmary  of  the  values  found  by 
di£Ferent  investigators.  Then:  experimental  value  is  0.3989.  The  other  values  are: 
Lewis  and  Randall  0.3990,  Harned  0.3991,  Loomis  and  Meacham  0.3988,  Ellis  0.3989. 
All  these  values  have  been  corrected  for  the  vapor  pressure  of  water.  This  correction, 
however,  soon  becomes  negligible  when  the  pressure  is  raised  above  1  atmosphere. 
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of  hydrogen  to  pass  through  the  cell  until  a  constant  e.mi.  was  obtamed. 
Half  an  hour  after  reaching  a  constant  presstire  a  constant  potential 
(within  0.02  mv.)  was  observed,  and  this  did  not  change  further  as  long 
as  the  pressure  was  held  at  that  point.  After  reaching  the  iriayinmyn 
pressure  for  a  series,  potential  measurements  were  made  while  lowering 
the  pressure,  which  was  reduced  so  slowly  that  substantial  equilibrium 
was  maintained  throughout. 

Experimental  Data 

Four  successful  "runs,"  or  series  of  measiwements,  were  made.  These 
will  be  called  Expts.  1,  2,  3,  and  4,  respectively.  •  In  Expt.  1  the 
maximum  pressture  obtainable  was  that  of  the  tank  of  hydrogen  A  (Pig. 
2)  since  the  mercmy  piunp  I,  G,  had  not  yet  been  installed.  Expt.  2 
was  a  repetition  of  Expt.  1,  except  that  measturements  were  made  only 
at  1  atmosphere  and  at  the  maximum  tank  pressure. 

For  Expt.  3,  the  merciuy  piunp  was  added  to  the  apparatus  and  read- 
ings at  higher  pressiures  than  the  tank  pressure  were  obtained.  The  range, 
however,  did  not  extend  as  high  as  was  anticipated  due  to  a  leak  which 
developed  in  one  of  the  gages. 

In  Expt.  4  a  maximtun  of  406  atmospheres  was  reached.  After  obtain- 
ing this  maximum  the  pressure  was  very  slowly  reduced  to  that  of  the 
atmosphere,  substantial  equilibrium  being  attained  at  all  points  down 
to  about  2  atmospheres. 

It  was  fotmd  in  every  case  except  Expt.  2  that  on  reducing  the  pressure 
to  about  3  atmospheres,  bubbles  formed  in  the  bent  tube  connecting  the 
two  halves  of  the  cell.  This  broke  the  electrical  circuit.  The  effect  was 
imdoubtedly  due  to  the  diffusion  of  dissolved  hydrogen  into  the  tubes 
and  its  appearance  as  the  gas  phase  at  low  presstu-es.  In  Expt.  2,  however, 
the  time  elapsing  between  the  initial  and  final  reading  was  made  a  mini- 
mtun,  thus  reducing  this  diffusion,  and  no  bubbles  formed.  In  this  ex- 
periment, the  "return"  value  of  the  e.m.f.  agrees  within  0.1  mv.  with 
the  initial  value.  An  examination  of  the  agreement  of  the  values  ob- 
tained while  increasing  and  decreasing  the  pressure  shows,  with  certainty, 
that  equally  good  agreement  in  the  other  three  experiments  would  have 
been  found  if  the  return  measurements  below  3  atmospheres  could  have 
been  made. 

The  results  of  the  four  experiments  are  simmiarized  in  Table  I.  In  the 
first  colmnn  is  given  the  ntunber  of  the  experiment.  The  letter  I  indicates 
that  increases  of  pressure  were  made  before  and  after  the  measiu-ements 
recorded,  D  represents  measiu-ements  with  corresponding  decreases  of 
pressure,  and  M  the  maximum  pressure  of  the  particular  experiment. 
The  "return"  value  obtained  in  Expt.  2  is  represented  by  2R  in  the  table. 

Expts.  2,  3  and  4  were  made  with  0.0993  N  acid  in  the  cell.     A  cor 
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rection  of  —0.0004  v.  was  necessary  for  these  experiments  to  bring  all 
the  measurements  to  a  basis  of  exactly  0. 1  N.  This  small  correction  can 
be  obtained,  without  any  error,  from  a  consideration  of  the  activities  of 
hydrochloric  add  at  the  concentrations  involved.  The  measurements 
for  £xpt.  1  were  made  with  exactly  0.1  AT  add.  The  values  for  the 
e.mi.  as  given  in  Table  I  indude  this  correction  and,  for  the  initial  de- 
termination of  each  series,  the  usual  corrections  for  the  difference  between 
one  atmosphere  and  the  barometer  reading,  and  also  for  the  vapor  pressure 
of  the  solution. 

Tablb  I 
Mbasurbmbnts  op  thb  Cbll  Hi|  HCI  (0.1  JV),  HgCl|  Hg  at  25°  and  at  Dippbrbnt 

Prbssurbs 


xpt. 

P 

E.m.f. 

Expt. 

P 

E.m.f. 

Expt. 

P 

E.m.f. 

Atm. 

Atm. 

Atm. 

1 

0.3990 

4  D 

23.1 

0.4392 

4  D 

122.2 

0.4611 

2 

0.3990 

4  D 

24.0 

0.4396 

3  D 

169.8 

0.4654 

3 

0.3990 

1  I 

43.2 

0.4472 

3  M 

199.6 

0.4677 

4 

0.3990 

1  / 

76.5 

0.4547 

4  J 

209.6 

0.4683 

2  R 

0.3991 

3  I 

85.4 

0.4563 

4  D 

216.8 

0.4690 

4  D 

2.2 

0.4091 

4  D 

89.6 

0.4568 

4  D 

268.5 

0.4720 

4.  D 

2.9 

0.4127 

1  / 

95.8 

0.4577 

4  J 

281.1 

0.4725 

4  D 

7.6 

0.4251 

2  M 

106.7 

0.4594 

4  / 

387.2 

0.4751 

1  / 

16.3 

0.4348 

1  M 

112.0 

0.4604 

4  M 

406.2 

0.4779 

Theoretical  Discussion 
If  we  apply  the  first  law  of  thermodynamics  to  a  reversible  process 
which  includes  an  electrical  work  term,  £dC,  in  which  E  is  the  dectro- 
motive  force,  and  C  the  current  (coulombs)  and  substitute  the  rdation, 
dQ  =  rd5  between  the  heat  absorbed,  Q,  the  entropy  5  and  the  abso- 
lute temperatiwe  T,  we  obtain, 

dU--TdS-pdV-EdC  (2) 

in  which  I/,  p  and  V  are  the  total  energy,  the  pressure  and  the  volume, 
respectively. 

The  thermodynamic  potential  Fp,^  for  which  p  and  Tare  the  independent 
variables,  is  defined  by  the  relation, 

Fp^U-TS-^pV  (3) 

Differentiating  and  substituting  in  (2)  we  have 

dFp  =  Kdp-5dr-£dC  (4) 

At  a  constant  temperature,  the  following  redprocal  relation  between  the 
differential  quantities  holds,  if  dFp  is  a  total  differential 


(i),.,  -(s^X,  <« 


•  This  is  the  free  energy  as  used  by  G.  N.  Lewis  (This  Journal,  35, 1  (1913)]  but 
not  as  defined  by  Helmholtz.  In  the  process  of  the  cell  we  are  considering,  it  is  the 
electrical  work,  nEC,  when  the  cell  operates  at  constant  pressure. 
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In  a  cell  operating  at  constant  pressure  and  temperature  the  change 
of  volume  is  determined  by  the  chemical  reaction  occurring,  and  is  de- 
pendent only  on  the  amount  of  cmrent  passing  through  the  cell.    For 

/dV\  AV 

that  reason  I  —  )        =  —  in  which  AV  is  the  change  of  volume  during  the 

\bC/pT         F 
passage  of  F  farsidays.     Equation  5,  therefore,  becomes 


(; 


<i>p  /c,T  F 

When  the  ceU,  HjIhCI  (0.1  N),  HgCl|Hg,  operates,  the  reaction 

JH, +  HgCl=HCH-Hg  (6) 

takes  place.  Equation  5a  shows  that  the  e.mi .  of  the  cell  increases  with 
increasing  pressure  on  the  system  if  the  volume  decreases  when  the  above 
reaction  proceeds,  and  vice  versa. 

If  we  allow  the  cell  to  operate  reversibly  at  constant  pressiure  and  temp- 
erature imtil  one  faraday  of  electricity  passes,  the  following  total  volume 
change,  AF,  occurs, 

Ar=(FHCl  +    VB^)-iiVBr  +    Kh.Ci).  (7) 

in  which  Fhci  represents  the  partial  molal  volimie  of  hydrochloric  acid 
in  a  0.1  iV  hydrochloric  acid  solution,  and  the  remaining  terms  are  the 
molal  volumes  of  the  substances  indicated  by  the  corresponding  subscripts. 
In  order  to  integrate  Equation  5a  it  is  necessary  to  express  the  separate 
terms  in  Equation  7  as  fimctions  of  the  pressure.  These  terms  will  be 
considered  separately  in  the  following  paragraphs. 

The  Molal  Volume  of  Hydrogen,  Fh,  as  a  Function  of  the  Pressure. — 
The  most  important  term  in  Equation  7  is,  of  course,  the  voltmie  of  gaseous 
hydrogen.  Several  equations  of  state  were  investigated  with  regard  to 
their  agreement  with  the  existing  data  on  the  pressure-voltune  relations 
for  this  gas.  The  Keyes*  equation  of  state  was  foimd  to  be  nearest  in 
agreement  with  the  existing  experimental  data  under  the  conditions  of 
our  experiments.    The  Keyes  equation  is  generally  given  in  the  form 

p.^__JL.  (8) 

in  which  5  =  /3^-«/«'  and  a,  /3,  A  and  /,  are  characteristic  constants.  For 
hydrogen,  when  V  =  cc.perg.;  a  =  2.898,  fi  =  9.619,  A  =  3.91  X  10*, 
/  =  1.18  and  R  =  40.72.  Using  the  above  data,  the  pV  product,  ob- 
tained by  assuming  values  of  V  and  solving  for  p,  was  plotted  against 
p,  and  the  following  equation  obtained  for  hydrogen  at  25°, 

/^r =298.1  Ril  +  0.00067P-1  X  10-»  p*).  (9) 

Equation  9  is  in  satisfactory  agreement  with  the  interpolated  values 
»  Keyes,  Proc.  Nat.  Acad.  Sci.,  3, 323  (1917);  This  Journal,  46, 589  (1919). 
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obtained  from  the  experimentally  determined  pV  products  at  0*^  and  100°. 
Although  the  values  obtained  by  Amagat*®  and  Holbom^^  are  slightly 
higher,  for  pressures  over  200  atmospheres,  than  those  given  by  Equation 
9,  the  Keyes  equation  is  in  good  agreement,  over  a  large  pressure  and  temp- 
eratiure  range,  with  the  data  obtained  by  Witkowski,"  and  by  Onnes  and 
Braek.^'  For  this  reason  Equation  9  was  chosen  in  preference  to  an  em- 
pirical equation  based  on  experimental  determinations  of  the  pV  product, 
interpolated  between  0°  and  100**  approximately.  There  are  no  data 
recorded  for  25®. 

_  The  Partial  Molal  Volumey  Fna  <rf  Hydrochloric  Acid. — To  evaluate 
V^HCb  ^c  partial  molal  volume"  of  hydrochloric  add,  the  following  ex- 
pression for  the  voliune  of  the  solution  at  any  concentration  and  pressure 
can  be  used, 

1000  4-  CM , 


F= 


(l-a/>) 


(10) 


0 


-d-ctp). 


(11) 


in  which  C  is  the  weight  concentration,  (moles  per  1000  g.  of  water),  Af 
the  equivalent  weight  of  hydrochloric  acid,  Do  the  density  of  the  solution 
at  atmospheric  pressure,  and  a  is  the  compressibility  of  the  solution. 
Then, 

^dV\      -  DoM-  (1000  -h  CAf)  dc" 

In  order  to  evaluate  dDo/dC  it  is  necessary  to  make  use  of  density  determ- 
inations of  hydrochloric  add  solutions,  a  series  of  which  are  given  (for 
25°)  in  Table  II. 

Tablb  II 

Observer 

Ref. 

Landolt-Bomstein 

"Tabellen" 

15 

15 

15 

15 

15 

A  plot  of  these  data  is  almost  exactly  a  straight  line  and  gives  for  the 

"  Amagat,  Arm.  Mm.  phys.,  [6]  29, 68 and  605  (1893). 
»»  Holbom.  Ann.  Physik.,  63,  674  (1920). 
»*  Witkowski,  (1905),  from  Landolt  and  Bdmnein.  "Tabellen." 
»»  Onnes  and  Braek,  Versl.  Amsterdam,  30,  411  (1907). 

"  This  is  the  change  of  volume  which  would  occur  if  one  m<^  of  HCl  gas  wct« 
added  to  an  infinite  volume  of  a  solution  of  the  substance  at  the  given  concentration. 
»  Ansdell,  Chem.  News,  41, 76  (1880). 
'•  C.  E.  Ruby,  private  commimication. 
"  Ellis.  This  JoxmNAL.  38,  737  (1916). 


HCl 

d4 

Cone. 

0.0000 

0.997071 

0.0050 

0.997140 

0.0100 

0.997224 

0.0200 

0.997405 

0.0400 

0.997779 

0.1000 

0.998868 

HCl 

dV 

Observer 

Cone. 

Ref. 

0.1000 

0.99886 

16 

0.1004 

0.9989 

17 

0  3376 

1  0031 

17 

0.5000 

1.00691 

16 

0.5095 

1.0059 

17 
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slope,  — -^,  the  value  0.0175  which  n^ay,  in  this  case,  be  set  equal  to 
AC 

— ? .  If  we  make  the  assumption  that  a  is  equal  to  the  compressibihty 
dC 

of  water,  which  has  a  mean  value  of  44  X  10""*  between   1 .  and  400 

atmospheres,  then  Equation  11  reduces  to 

T^HCi  =  18.89-8.3  X  10-*  p  (12) 

for  a  0.1  N  hydrochloric  acid  solution.  This  ignores  a  possible  change 
of  the  partial  molar  volume  due  to  solubility  of  the  hydrogen  gas  by  which 
the  pressure  is  applied.    This  point  will  be  referred  to  later. 

The  Molal  Volumes  of  Mercury  and  Calomel. — From  the  density 
data  of  Thiesen,  Scheel  and  Sell"  the  molar  volume  of  mercury  was  found 
to  be  14. 82  at  25°.  A  simple  computation  shows  that  the  compressibility 
of  mercury,  in  the  pressiure  range  of  our  experiments,  can  be  neglected, 
the  effect  of  a  pressure  of  400  atmospheres  leading  to  a  correction  of  only 
0. 005  mv.  on  the  computed  potential  of  the  cell. 

The  density  of  solid  calomel  was  redetermined  for  this  investigation. 
Three  determinations  gave,  respectively,  7.155,  7.153  and  7.152,  having 
an  average  value  of  7. 153  at  25**  referred  to  water  at  4°.  This  is  concord- 
ant with  the  value,  7. 151,  given  by  Timofejew."  Using  the  mean  value 
of  the  density  we  obtain  33. 00  cc.  for  the  molal  volume  of  calomel.  The 
compressibility  of  calomel  has  apparently  not  been  determined,  but  it 
must  be  of  the  same  order  of  magnitude  as  that  of  mercury  or  smaller. 
Further,  since  mercury  and  calomel  are  on  opposite  sides  of  the  equation 
for  the  reaction  occurring  in  the  cell,  the  resultant  effect  of  the  compressi- 
bihties  of  these  substances  must  be  smaller  than  the  effect  of  either  one. 

The  Equation  for  the  Change  of  Potential  with  Pressure. — When  we 
substitute  the  values  of  the  specific  volumes  obtained  in  the  foregoing 
paragraphs  into  Equation  7  we  obtain  for  the  change  of  volume  when  one 
equivalent  of  current  passes  through  the  cell,  at  the  pressure  />,  the  fol- 
lowing expression. 

A7=(18.89-8.3  X  10-«  p  -f  14.83)- 


j  33.00  +  12230  [-  -f  0.00057-1  X  10-«/>  j  1 


12230 

6.26-7.1  X  10-*  p 

P 


This  gives,  on  substituting  in  Equation  5a, 


0.1013 
AE=  — — - 


/^/12230  \ 

J  f  +  6.26  4-  7.1  X  I0-«  p  \  dp 


»  Thiesen,  Scheel  and  Sell,  Wiss.  Abh.  P.T.R,  2,  184  (189." 
'•  Timofejew,  Z.  physik.  Chem.,  78,  299  (1911). 
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and  integrating  between  the  limits  p  and  1  we  obtain 

A£=0.029681og/)  +  6.56  X  lO"*  (/>-!)  +3.7  X  lO"*®  (/^*  -  D 


(13) 


This  appears  to  be  the  most  complete  thermodynamic  treatment  that 
can  be  obtained  using  the  available  experimental  data.  As  stated  above, 
it  does  not  include  effects  due  to  the  change  of  volume  of  the  acid  solution 
due  to  the  solubility  of  the  hydrogen.  It  will  be  noted  that  the  first  term 
of  this  equation  follows  directly  from  the  expression  RT/2F.  In  p  of  Equa- 
tion 1,  and  that  the  other  terms  are  of  appreciable  magnitude  only  at 
comparatively  high  pressiures. 

The  data  of  Table  I  are  represented  graphically  in  Fig.  3.  Curve  1 
of  that  figure  is  the  result  of  plotting  the  observed  voltages  against  the 
logarithm  of  the   pressure   in   atmospheres.      Up  to    100   atmospheres 
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this  is  a  straight  line,  within  the  experimental  error,  the  slope  of  which  is 
exactly,  0.02958  (  =  2.303/?r/2F)  requu-ed  by  Equation  1.  However, 
above  100  atmospheres  there  is  a  slight  but  definite  divergence  from 
this  linear  relation.  The  dotted  line  is  a  prolongation  of  the  straight 
line  below  100  atmospheres.  A  straight  line  throughout  the  range  of 
the  measurements  would  result,  of  course,  if  the  hydrogen  were  a  perfect 
gas  and  if  the  compressibilities  of  the  other  substances  entering  into  the 
reaction  of  the  cell  were  negligible  or  compensating. 

In  Curve  4  the  divergences,  from  the  simple  logarithmic  relation,  are 
plotted  on  a  much  larger"scale.     The  base  line  corresponds  to  no  divergence 
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of  hydrogen,  is  necessary.    This  correction  is  at  present  under  investi- 
gation. 

The  study  of  the  variation  of  the  potential  of  the  cell  with  pressure  is 
being  extended  to  higher  pressures. 
Cambiudgs  39,  Massachusbtts 

[CONTRIBUTlpN  PROM  THB  CHEMICAL  LABORATORY  OP  THB  UNIVERSITY  OP  BrBSLAU] 

NITROSYL   SELENIC  ACID 

By  Julius  Mbybr  and  Waltbr  Wagnbr 

Received  February  27,  1922 

Since  selenic  acid,  in  many  respects,  is  similar  to  sulfiuic  acid,  it  is  to 
be  expected  that  it  would  give  with  nitrous  acid  an  anhydrous  compound 
corresponding  to  nitrosyl  sulfuric  acid,  SOs(OH)(ONO).  Victor  Lenher 
and  J.  H.  Mathews,^  by  treating  selenic  acid  of  the  strength  of  about 
83%  with  liquid  nitrogen  tetroxide  (NJO4)  at  a  temperatiwe  obtained  by 
the  use  of  solid  carbon  dioxide,  have  prepared  dinitrosyl  selenic  acid 
Se02(0N0)j  which  is  stable  below  —13**  and  which  is  described  as  an 
easily  decomposable  compoimd  of  blue  color.  Previous  to  our  experi- 
ments, the  mononitrosyl  compound  had  not  been  described. 

The  existence  of  a  new  compoimd  between  selenic  and  nitrous  add 
can  be  shown  by  dissolving  solid  sodium  nitrite  in  ice-cold  selenic  acid  of 
about  95%  strength.  The  salt  dissolves  without  evolution  of  gas  and  with- 
out change  in  color  of  the  liquid.  On  diluting  the  solution  with  water, 
red  oxides  of  nitrogen  are  evolved  in  large  amounts,  a  behavior  resem- 
bling the  decomposition  of  "lead  chamber  crystals"  by  water. 

In  order  to  prepare  nitrosyl  selenic  acid  we  brought  together,  in  absence 
of  water,  liquid  nitrogen  trioxide  (N2O8)  and  selenic  acid  prepared  by  the 
method  of  Meyer  and  Moldenhauer.*  While  sulfur  dioxide  reacts  readily 
with  nitric  acid  £0  form  nitrosyl  sulfuric  acid,  selenium  dioxide  in  our  ex- 
perience does  not  react  similarly. 

In  order  to  prepare  nitrosyl  selenic  acid,  liquid  nitrogen  trioxide  is 
poured  into  100%  selenic  acid,  the  former  being  in  great  excess.  The 
greater  part  of  the  excess  of  the  nitrogen  trioxide  is  evaporated  from 
the  white  crystalline  mass  by  vigorous  stirring,  after  which  the  last  trace 
of  excess  of  the  oxides  of  nitrogen  is  removed  by  spreading  the  crystals 
on  a  porous  plate  and  evaporating,  at  as  low  a  temperature  as  possible, 
in  a  vacuum  desiccator.  The  white  crystals  can  be  preserved  in  dry, 
sealed  tubes,  but  decompose  when  warmed,  with  an  evolution  of  the  red 
oxides  of  nitrogen.  Moisture  decomposes  the  crystals  with  a  similar 
evolution  and  the  solution  when  treated  with  barium  chloride  yields  barium 
selenate.    The  crystals  irritate  the  skin. 

>  Lenher  and  Mathews,  This  Journal,  28, 616  (1906). 

*  Mesrer  and  Moldenhauer,  Z.  anorg.  Chem.,  116,  193  (1921). 
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Analysis. — Weighed  quantities  of  the  crystals  were  decomposed  with  water  in  a 
Meyer- Jannek  apparatus.'  The  free  selenio  add  was  reduced  to  selenious  acid  by  heat- 
ing with  cone,  hydrochloric  acid,  after  which  it  was  reduced  to  elementary  selenium  by 
hydrazine.  Two  analyses  yielded  45.0  and  44.5%  of  selenium,  while  SeOj(OH)(ONO) 
requires  45.3%  of  selenium. 

For  the  determination  of  nitrogen,  weighed  quantities  of  the  crystals  were  shaken  in 
a  closed  bottle  with  a  solution  of  sodium  hydroxide  until  the  nitrogen  oxide  fumes  which 
were  evolved  had  again  been  absorbed.  The  resulting  solution  was  treated  with  a 
measured  excess  of  potassium  permanganate  solution,  and  after  oxidation  of  the  nitrous 
to  the  nitric  acid,  the  excess  of  permanganate  was  titrated  back  by  means  of  oxalic  acid. 
In  two  samples,  7.3  and  7.4%  of  nitrogen  were  found.  Nitrosyl  selenic  add  requires 
8%  of  nitrogen.  Considering  the  methods  of  analysis  used,  the  results  are  sufijdently 
accurate. 

Nitrosyl  selenic  acid,  Se02(0H)(0N0),  is  decomposed  by  water.  It 
is  readily  soluble  in  cone,  selenic  and  cone,  sulfuric  acids.  Nitrosyl 
sulfuric  acid  is  also  soluble  in  these  acids,  and  both  compoimds  are  soluble 
in  {ibsolute  alcohol  but  not  in  ether.  At  80®,  nitrosyl  selenic  acid  melts 
with  decomposition.  This  is  also  the  melting  point  of  nitrosyl  sulfuric 
acid  and  is  considerably  higher  than  that  of  pure  selenic  acid,  which  is 
58^ 

Nitrosyl  selenic  acid  is  very  reactive  and  with  certain  of  the  organic 
amines  readily  forms  compounds,  which  we  are  studying. 
Br8si«au,  Gbrmany 

[Contribution  from  the  Kent  Chemical  Laboratory  op  the  University  of 

Chicago] 

THE  SEPARATION  OF  ISOTOPES  BY  THERMAL  AND  PRESSURE 

DIFFUSION 

By  Robert  S.  Mulliken* 

Received  March  1.  1922 

Introduction 

With  the  ultimate  aim  of  obtaining  extensive  separations  of  isotopes, 
a  careful  preliminary  study,  both  theoretical  and  experimental,  is  being 
made,  in  order  to  find  the  best  practical  method  or  methods.  In  a  pre- 
vious paper  by  MuUiken  and  Harkins'  the  theory  was  developed  and  equa- 
tions obtained  for  the  change  of  composition  and  atomic  weight  for  the 
fractions  obtained  when  a  mixture  of  isotopes  is  subjected  to  a  process 
of  irreversible  evaporation,  molecular  effusion,  molecular  diffusion,  or 
gaseous  diffusion.  A  rather  complete  summary  of  the  possible  methods 
for  separating  isotopes  was  also  given  (p.  62).  In  the  present  paper, 
the  theory  of  the  method  of  thermal  diffusion  and  that  of  the  centrifugal 

»  Meyer  and  Jannek,  ibid.,  83, 51  (1913). 

'  National  Research  Fellow  in  Physical  Chemistry. 

«  MuUiken  and  Harkins,  This  Journal,  44, 37  (1922). 
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method,  as  applied  to  the  separation  of  isotopes,  are  rather  fully  discussed. 
Equations  analogous  to  those  for  the  other  methods  of  separation  are  ob- 
tained, and  used  in  a  study  of  the  applicability  of  the  methods  to  various 
isotopic  elements.  Conclusions  are  reached  as  to  the  practical  value  of 
the  two  methods. 

Equations  for  Diffusion  and  Evaporation  Processes 

The  most  important  equations  obtained  in  the  previous  paper  will 
here  be  reviewed  briefly,  using  the  same  equation  numbers  as  there  given. 
For  a  mixture  of  two  isotopes,  the  equations  for  the  residue  in  an  evapcwation  or 
diffusion  process  are.       A*i  =  — —    ^     -  In  C  ^  A  In  C  (6) 

or  approximately,  A»»  = ^Jj^^ *  ^*  ^  (^) 

and                                      AAf  =  i4(Af,-Jlf,)/nC«B/if  C  (7) 

or  approximately.  AAf  =  ^^f *  ^^  ^  (^^) 

Similar  relations  hold  for  a  mixture  of  any  number  of  isotopes.  The  x*s  denote 
mol-fractions,  the  Af's  atomic  or  molecular  weiglits;  k  =  Vjl/i/jlf,;  and.C,  the  "cut," 
is  the  ratio  of  the  initial  to  the  final  number  of  mols  present  in  the  residue.*  The  sub- 
script 1  refers  to  the  lighter,  2,  to  the  heavier  isotope.  M  without  subscript  stands  for 
the  ordinary,  average,  atomic  or  molecular  weight.  B  is  called  the  separation  coeffi- 
cient. 

For  the  diffused  or  evaporated  material,  the  equations  are, 

-A«i=i4  /nC/(C-l)  (15) 

and  -  AAf =B  In  C/(C-1)  (16) 
The  totfU  difference  in  atomic  weight^  between  the  two  fractions  is  then 

AAJlf  =  AJlf-(-AJlf)  -  [B  4-  B/iC-min  C^B'Cln  C/(C-l)  (19) 

For  C=l,  AA3f  =  B;  for  C«2,  ^^M^2B  In  2  =  1.386  B;  for  C=4.  AAAf  =  (8/3) 
B  ln2  =  1.848B;  etc.  The  value  for  C=2  is  of  the  most  interest,  since  it  corresponds  to 
a  division  of  the  material  into  two  equal  fractions.  All  the  above  equations  hold  for  a 
mixture  of  more  than  two  isotopes,  except  that  the  expressions  for  A  and  B  are  more 
complex  (see  previous  paper). 

Thermal  Difftision 
It  has  been  shown  theoretically*  and  experimentally ••^  that  if  a  gaseous 

*  In  the  case  of  gaseous  diffusion,  the  numerical  factor  in  the  denominator  is  prob- 
ably always  greater  than  2.  This  factor  is  equal  to  the  exponent  c  in  the  value  of  k: 
in  general,  k  =  V  Afi/Afj. 

*  This  equation  was  not  given  in  the  previous  paper. 

•Bnskog,  Physik.  Z.,  12,  538  (1911);  Ann.  Physik,  38,  750  (1912);  and  Chap- 
man. Phil,  Trans.,  217A,  115  (1916);  PhU.  Mag.,  [6]  34, 146  (1917). 

*  Chapman  and  Dootson,  Phil.  Mag.,  [6]  33, 248  (1917). 
^  Ibbs,  Proc.  Roy.  Soc,  99,  385  (1921). 
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mixture  is  present  in  a  container,  one  portion  of  which  is  kept  hot,  and 
another  cold,  an  equilibrium  state  is  attained  in  which  there  is  an  increased 
concentration  of  the  larger  or  heamer  molecules  at  the  cold  ^d,  and  vice 
versa.  For  a  mixture  of  two  isotopes,  Chapman  deduces'  the  relation 
(here  altered  to  conform  to  the  present  notation), 

A,..  =  k>  in  TIT  =  (17/3)  .  f^  .  05^^  •  /«  TIT,         (20) 

for  molecules  which  behave  like  eUistic  spheres,  A^  standing  for  the  diflfer- 
ence  between  the  values  of  ^  in  the  regions  at  the  two  temperatiu-es. 
Actually,  in  the  case  of  a  mixture  of  hydrogen  and  carbon  dioxide,  kt 
proves  to  be  only  about  V«  or  Vs  as  large  because  the  molecules  do  not 
behave  as  assumed.    Approximately,  since 

AM  =  (Mt-Mi)  Axi.  A,Af  =  K.    ^'^'T^']'^'^'  •  In  T'/T  -- K  B  In  V IT         (21) 

The  analogy  to  Equations  7A  and  19  is  obvious.  Except  for  some  vari- 
ability in  K  for  different  types  of  molecules,  the  separation  coeflScient 
KB  for  thermal  diffusion  depends  in  nearly  the  same  way  on  the  mol- 
fractions  and  molectdar  weights  of  the  isotopes  as  does  the  coe£5cient 
B  for  ordinary  diffusion.  Thermal  diffusion  is  apparently  however  a 
much  weaker  agent  than  ordinary  diffusion,  under  any  practicable  con- 
ditions, for  if  If  =  V4»  a  reasonable  estimate,  then  a  temperature  ratio 
of  15.5  (^.  g.,  .80°  absolute  against  1240°  absolute)  will  give  A,M  = 
(V4)J5  /n  15.5  =  0.693  J?  =  B  /n  2.  Even  if  the  mixture  is  divided 
almost  wholly  into  two  equal  fractions  at  the  two  extreme  temperatures, 
the  value  of  A/M  is  only  halj  as  great  as  the  corresponding  value  (2B  In  2) 
of  A  AM  for  a  cut  of  2  by  one  of  the  diffusion  methods  previously  considered. 
This  is  in  spite  of  the  very  large  temperature  ratio,  corresponding  to  a 
range  from  liquid  air  temperatiu-e  to  1000°.  Evidently  the  method  of 
thermal  diffusion  cannot  compete®  with  the  other  diffusion  methods  as 
a  means  of  separating  isotopes. 

Eraporative  Thermal  Diffusion. — Probably  the  most  favorable  way 
to  apply  thermal  diffusion  would  be  to  use  a  method  of  procediu-e  similar 
to  that  proposed  in  the  case  of  centrifugal  separation,  viz.,  to  have  a  supply 
of  the  liquid  mixture  in  the  cold  bulb,  and  to  draw  off  gas  very  slowly  from 
the  hot  bulb.  The  rate  of  separation^®  would  be  the  same  as  for  an  ordi- 
nary diffusion  or  an  irreversible  evaporation  having  a  separation  coeffi- 
cient equal  to  A,M .  As  a  matter  of  theoretical  interest  it  is  intended  to 
test  this  method  of  * 'evaporative  thermal  diffusion**  experimentally  with 
mercury.     If  the  process  of  drawing  off  the  gas  took  place  through  a 

•  Chapman.  ThU,  Mag.,  [6]  38, 182  (1919). 

*  The  method  of  thermal  diffusioii  can,  it  is  true,  be  adapted  to  rapid  continuous 
operation,  but  probably  only  at  a  large  sacrifice  of  efficiency  (cf.  Ibbs,  Ref.  7). 

^  Compare  discussion  under  centrifugal  separation. 
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porous  wall,  the  effect  of  ordinary  diffusion  would  be  added  to  that  of  ther- 
mal diffusion,  and  the  result  wotdd  be  the  same  as  for  an  ordinary  diffusion 
with  a  sepfuration  coefficient  {B  +  A^M),  instead  of  B.  This  increase 
wotdd,  however,  hardly  be  worth  the  added  difficulties. 

Pressure  Diffusion 

Development  of  Equations. — The  problem  of  the  separation  of  iso- 
topes by  "pressure  diffusion,"  that  is,  by  virtue  of  variation  of  compo- 
sition along  a  pressiu-e  gradient,  due  either  to  a  gravitational  field  or  to 
centrifugal  force,  has  been  discussed  by  Lindemann  and  Aston,^^  and  by 
Chapman,'  who  compares  the  method  with  that  of  thermal  diffusion. 
Lindemann  and  Aston  derive  equations  applicable  to  a  gaseous  mixture 
of  two  isotopes.    These,  slightly  modified,  and  transcribed,  are  as  follows. 

RT 

For  gravitational  separation,  r  =  f  ,  (22)  and  for  centrifugal 

separation  r  =  ^  (23).     Here  r  stands^*  for    .     *  /  ,  ,  the  sub- 

.  v*t}o/(«i;o 

script  0  referring  to  the  point  of  reference,  for  example,  the  center  of  the 
centrifuge,  or  the  level  of  the  earth ;  v  is  the  peripheral  velocity.  Chapman 
gives  the  equation  (here  transcribed),  applicable  to  any  tjrpe  of  pressure 
diffusion, 

Apx,  =  kp  In  p/Po  =  '        ^    '        •  In  p/Po,  (24) 

MiXi  -H  AffXt 

analogous  to  his  equation  for  thermal  diffusion. 

Equations  can  be  derived  for  the  case  of  pressure  diffusion,  analogous 
to  those  for  other  types  of  diffusion,  which  show  clearly  the  factors  on 
which  the  change  of  atomic  weight  depends.  It  will  be  best  to  go  through 
with  the  derivation  from  the  beginning,  since  the  methods  and  notation 
are  different  from  those  of  Lindemai^i  and  Aston,  and  of  Chapman. 
For  a  gaseous  mixture  of  two  isotopes  at  total  pressure  p  and  density  p, 

subjected  to  centrifugal  action,  dpi  =  =    picoVdr  =    — ; 

f  RT 

Here  pi  and  pi  refer  to  the  partial  pressure  and  density  of  the  lighter 
isotope,  and  v,  «,  and  r,  denote  respectively  linear  velocity,  angiOftr  ve- 
locity, and  radial  distance.    An  analogous  equation  holds  for  the  heavier 

dpi  Mica^ 

isotope.    The   above  equation   gives  —  ^  d  In  pi  ^  ——  rdr.    Then 

pi  RT 

In  pi  _  AfiTt;»(f*-ro«)       Mi(v*-Vo*)  (25) 

(^Oo"         2Rr         "        2RT 


»»  Lindemann  and  Aston,  Phil.  Mag.,  [6]  37,  523  (1919). 

'^  The  quantity  r  is  analogous  to  the  "enrichment  ratio"  of  Rayleigh  (see  Mulliken 
and  Harkins.  Ref.  2).  but  differs  in  that  it  corresponds  to  A^^  instead  of  to  AM. 
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If  f  0  =  0,  Wo  =  0.  By  combining  Equation  25  with  the  corresponding 
expression  in  terms  of  p^,  and  putting  'Dq  =  0,  Lindemann  and  Aston's 
relation  (23)  can  be  obtained.  The  following  relation,  which  will  be  useftd 
in  another  connection,  can  also  be  seen  to  hold  approximately, 

Chapman's  relation  (24)  for  LpX^  can  be  obtained  by  a  derivation  analo- 
gous to  that  used  in  the  paper  of  Mulliken  and  Harkins  in  arriving  at 
Equations  2,  5,  and  6.  Thus  from  the  equations  above  given  for  Api/pi 
and   Apt/p^,  dpt/pt  =    {M^/MijApi/pi.     Then   since   pi    =    pxi   and 

pdx2  +  x^p        M2  pdxi  +  xidp 

Pi  =  pXi,  we  have =  — From  this  point  the 

pXi  Ml  pxi 

derivation  is  precisely  analogous  to  that  used  in  obtaining  Equation  6 
of  the  previous  paper,  everything  being  unchanged  except  that  p  every- 
where replaces  N(po/p  replaces  Nq/N  =  Q,  and  M»/Mi  replaces  y/M\lM% 
=  fe.    Thus  we  obtain  the  relation,  formally  analogous^'  to  Equation  6, 


Then 


ApM  =  {Mt-MO  ApXi  =  -^ •  /n-  (27) 

M  Pt 


which  is  formally  analogous^'  to  Equations  7  and  7A.  Cqpibining  (26) 
and  (27),  there  results  the  approximate  relation"  for  the  difference  in 
atomic  weight  at  points  r  and  tq 

For  the  general  case  of  a  mixture  of  several  (atomic,  or  molecular)  iso- 

topes,   the  corresponding  relation"  is  ApM  =  — :: 

2KT 


*•  ApXt  and  ApM  are  really-  more  nearly  analogous  to  A  Axt  and  A  AM  (compare 
Equation  19),  in  physical  meaning,  than  to  Aa:2  and  AM. 

^*  Similarly,  for  gravitational  separation,  which  is  of  course  not  a  practical  method, 
ApM^iMt-Miyx,X2g(h-ho)/RT=2P  g  A  h  (29). 

"  This  is  obtained  as  follows.     Analogous  to  Equation  6'  of  the  previous  paper, 

we  have  here  A,»Xa »    — — - — ^.    Inpo/p.      Here  k'a^Ma/Mx,   and     5  =  SxBJfe'.= 

— 7- —  =  —  and  S—k  a  =  {M—Ma)/Mi.     So  ApXa=  tz .     In  ■—  = 

Ml  Ml  M  Po 

*a(JWa~Af)(t?*-ro*)  r*-ifo* 

-i^ ^ '-     N0WApM^X(Ma-My)AXa  =  -^.XlXa(Ma-M)(Ma-M{)l 

The  summation  can  be  expanded  to  2x«3fa*— Af  Sx«Jlf«  — AfiZxaAfo  +  AfJlfiSxa  = 
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^         ^  2RT  ^  2RT       ^         ^  2RT 

(f;*-t;o«)  =  P'(i;«-Fo*).  (28') 

The  subscripts  a  and  6  here  refer  independently  to  each  isotope  in  tum.^' 
In  the  last  expression,  each  like  term  of  the  stunmation  is  to  be  taken 
only  once  (in  the  complete  summation  each  appears  twice).  The  expres- 
sion for  P,  although  different  in  form  from  that  for  P',  is  obtainable  from 
the  latter  as  a  special  case."  The  only  approximations  in  deriving  the 
expressions  for  P  and  P'  are  those  involved  in  the  use  of  Equation  26, 
and  that  of  using  a  differential  quantity  Axa  as  a  finite  increment  A^^c^. 
The  error  involved  is  only  a  few  per  cent,  unless  LpM  is  large,  in  which 
case  the  change  of  P  and  P '  with  M  can  be  allowed  for  by  inserting  a  term 
obtained  by  taking  the  second  derivative.  (Compare  discussion  and  Equa- 
tions 9  and  10  of  the  previous  paper.) 

Comparison  of  Centrifugal  and  Ordmary  Separation  Methods  and 
Coefficients. — The  following  values  of  the  "centrifugal  separation 
coefficients"  (P  or  P')  have  been  calculated  for  several  elements  at  20°: 
U  1.16  X  10-1^  B,  1.85  X  10-";  Ne,  7.38  X  10-i2;  Mg,  8.97  X 
10-";  CI,  14.5  X  10-";  Ni,  18.4  X  10-";  Zn,  53  X  10-";  Br, 
20. 4  X  10-";  Hg,  47  X  10-".  For  ordinary  air,  the  coefficient  would  be 
about  62  X  10"".  The  values  for  most  of  the  even-numbered  heavy 
elements  (beginning  with  zinc)  are  doubtless  high,  like  those  for  zinc 
and  mercury.  The  values  have  been  calculated  chiefly  from  atomic  weight 
and  positive-iUy  analysis  data;"  in  the  case  of  mercury,  the  value  has 
been  calculated  from  the  approximate  relation  P'  =  M/RT,B,  using  the 
experimental  value  of  the  ordinary  (diffusion)  separation  coefficient  B 
obtained  by  MuUiken  and  Harkins.  An  important  feature  of  the  centrifu- 
gal separation  coefficient  which  differentiates  it  from  the  ordinary  sepa- 

XxaMa^-M^, since XxaM«  =  M, and Sx.  =  1.  Then ApAf=         'op!?"" —  •      (»»-»«»)  = 

P'  (f/*-vo*)  (28') 

The  last  expression  in  the  text  for  P'  of  Equation  28'  readily  reduces,  on  expansion, 

to  the  form  just  obtained.     P  and  P'  are  related  to  E  of  Equation  7A  and  £'  of  Equation 

^      (Af,-M,)2xiJC»      2RT    ^     RT      „    ., 

7A'  of  the  previous  paper.    £=  — =  — rr  '  P-  -rr  '    P,  u  c=2;  and 

cMi  cMt  M% 

^ 7m         -'7m'  ^-H    P'"^'-^- 

"  For  gravitational  separation,  the  expression  corresponding  to  Equation  28'  is 
.  ApM^2P',  gAh.  (29') 

"  Similarly,  £  could  have  been  obtained  from  £'  as  a  special  case,  in  the  previous 
paper. 

»«  The  value  for  zinc  is  based  on  the  existence  of  four  isotopes  64,  66,  68,  and  70, 
as  recently  reported  by  Dempster. 
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ration  coeflScient,  is  that  it  is  independent^^  of  the  state  of  combination 
of  the  element,*®  and  is  thus  characteristic  of  the  latter.  This  is  true  for 
each  element  even  in  compounds  containing  more  than  one  isotopic  ele- 
ment.*^   The  ordinary  separation  coeflScient  for  a  given  element  is  in- 

"  If  the  molecules  are  built  up  from  the  atoms  according  to  chance,  the  mol-fractions 
of  the  various  molecular  isotopes  are  given  by  the  successive  terms  of  the  expansion  of 

(«i  -h  3C4  -h  . .  .Xa)*e,  where  a:i  xt,   ,  refer  to  the  atomic  isotopes  (see  the  previous 

paper  for  derivation  of  this).  On  thia  basis,  the  exact  constancy  of  P'/n,  has  been 
tested  by  comparison  of  the  algebraic  expressions  for  n«  =  1,  2,  3,  and  4,  for  a  mixture  of 
two  isotopic  atomic  species,  and  by  calculation  of  niunerical  examples  for  n#  =  1  and  2, 
for  the  case  of  a  mixture  of  three  atomic  isotopes.  (P'  is  here  the  molecidar  separation 
coefficient,  n«  the  number  of  atoms  of  the  element  per  molecule).  Although  no  general 
proof  has  been  obtained,  it  is  probable  that  all  possible  expressions  for  PV^«  for  various 
compounds  of  an  element  containing  any  number  of  isotopes,  can  be  reduced  to  a  common 
expression,  the  same  as  that  for  the  case  »« =  1.    Mathematically,  the  relation  P'/ne  = 

S(A/6*J»)-3f» 

—  S(i4o«a)— i4*  would  have  to  hold  for  all  compounds  and  all  values  of 

n« 

n#.  For  a  mixture  of  two  isotopes,  this  reduces  to  (i4t— i4i)**iJC4  (A  and  M  stand  for 
atomic  and  molecular  weights  respectively^  and  the  subscripts  a  and  b  refer  respectively 
to  atomic  and  molecular  species).  The  existence  of  this  relation  no  doubt  springs  from 
an  absence  of  dependence  of  the  value  of  ^Xa  (for  any  given  atomic  isotope  in  a  given 
operation)  on  the  manner  of  distribution  of  the  atomic  species  a  among  the  various  molec- 
ular isotopes  present.  Apparently  the  assumed  distribution,  i.  e.,  according  to  chance, 
is  such  as  always  to  yield  the  same  result,  so  that  the  change  of  atomic  weight, 
A^  =S(i4a— i4i)  Aaca,  is  independent  of  the  particular  compound  in  which  the  isotopic 
element  occiu^. 

**  Ordinarily  the  term  "separation  coefficient"  is  applied  to  the  change  of  atomic 
weight  of  the  element  concerned.  It  could  also  be  applied  to  the  coefficients  B,  P,  etc., 
for  molecules,  for  the  change  of  molecular  weight.  In  the  case  of  centrifugal  separation, 
the  molecular  coefficient  is  equal  to  the  sum  of  the  products  of  the  atomic  coefficients  by 
the  numbers  of  atoms  of  the  corresponding  elements  in  the  molecule. 

**  Suppose  a  compound  of  molecular  weight  M  contains  2  or  more  isotopic  elements. 
Let  us  divide  M  into  2  parts,  such  that  M^X  -\-  Y.  Let  X  stand  for  the  partial  molec- 
ular weight  in  the  compound  of  the  particular  isotopic  element  which  we  are  interested 
in.  X  will  then  be  the  atomic  weight  of  this  element  times  the  niunber  of  atoms,  n#, 
which  it  contributes  to  each  molecule.  Let  Y  stand  for  the  part  of  the  molecular  weight 
due  to  aU  other  elements,  some  of  which  may  be  isotopic.  M  is  really  an  average  value 
for  a  large  number  of  molecular  isotopes;  X  and  Y  likewise  are  average  values.  The 
isotopes  of  M  can  be  regarded  as  consisting  of  all  i>ossible  combinations  of  the  isotopic 
forms  Xi,  Xt,  etc.,  of  the  partial  molecule  X,  with  the  isotopic  forms  Yu  Yt,  etc.,  of  the 
partial  molecule  Y.  The  isotopes  of  M  can  then  be  designated  by  double  subscripts, 
the  first  to  denote  the  X  isotope,  the  second  to  denote  the  Y  isotope.  Thus  Mu  "Xt  + 
Y4.  We  may  also  wish  to  deal  with  an  average  value  of  F,  while  considering  the  X 
isotopes  individually,  or  vice  versa.  Thus  let  if  jo  represent  Xt  +  Y;  Mot,  X  +  Ft,  and 
so  on. 

Equation  28'  shows  no  dependence  of  P'  on  the  absolute  value  of  M,  so  that  if  F 
had  only  a  single  value  (no  isotopes),  the  (molecular)  separation  coefficient  P'  (see  Ref. 
20)  corresponding  to  M  would  not  be  affected  by  the  magnitude  of  F,  but  would  depend 
only  on  the  isotopic  composition  of  the  partial  molecule  X.  That  is,  P'  would  be  the 
same  whatever  the  value  of  F,  whether  Fi,  Ft,  or  some  other  value.     If  we  consider  the 
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versely  proportional  to  the  molecular  weight  of  the  compound  in 'which  it 
appears,  but  is  otherwise  independent  of  the  state  of  combination**'** 
(i,  e.,  of  the  number  of  its  atoms  per  molecule  or  the  presence  of  other  iso< 
topic  elements) .  Due  to  this  mass  factor,  the  ordinary  coefficient  tends  to 
fall  with  increasing  atomic  weight  of  the  isotopic  element  (this  tendency  is 
largely  balanced  by  the  increasing  s^^od  of  the  atomic  weights  of  the  iso- 
topes) ,  whereas  the  centrifugal  separation  coefficient  is  not  so  affected.  Cen- 
trifugal separation  is  therefore  relatively  much  more  favorable  to  the  heavy 
elements,  as  well  as  absolutely  due  to  the  increased  number  of  isotopes. 
The  effect  of  the  atomic  weight  differences  and  of  the  mol-fractions  of 
X  partial  molecules  collectively,  they  can  be  divided  into  several  groups  of  identical  com- 
position, distinguished  by  being  combined  with  different  F's.  Of  all  the  molecules  pres- 
ent, the  fraction  yi  will  be  in  the  group  XYuytinX  Fi,  etc.  Since  for  every  fraction  by 
itself,  the  separation  coefficient  would  have  the  value  P',  the  same  must  be  true  of  the 
substance  as  a  whole.  That  is,  the  value  of  P '  is  independent  of  the  isotopic  composition 
of  the  Y  part  of  the  molecule.  The  correctness  of  this  result  is  not  affected  by  the 
fact  that  the  mol-fractions  yu  yi,  etc.,  change  during  the  diffusion  due  to  the  separa- 
tion of  the  isotopes  in  the  Y  part  of  the  molecular  weight,  for  the  reasoning  above 
holds  at  any  instant,  whatever  the  relative  proportions  of  the  different  Y  groups  (the 
coefficient  P'  is  in  its  derivation  an  instantaneous  quantity).  The  elementary  coeffi- 
cient PV»«  bas  already  been  shown  with  reasonable  certainty  (Ref.  19)  to  be  inde- 
pendent of  »«,  so  that  is  now  shown  to  be  altogether  independent  of  the  state  of 
combination  of  the  element.  Thus  separation  proceeds,  for  each  isotopic  element  in  a 
mixed  molecule,  independently  of  the  other  elements  present. 

The  discussion  above  can  be  put  in  a  mathematical  form  which  will  be  useful  as  a 
basis  for  Ref.  23.  Suppose  the  separation  coefficient  P'  for  any  Y  group  were  not  neces- 
sarily independent  of  the  nature  of  the  latter.  Then  the  actual  separation  coeffidoit 
would  be  an  average  over  all  the  different  Y  groups.  Denoting  by  P'l,  P'l,  etc.,  the 
several  values  of  the  separation  coefficient  corresix)nding  to  Fi,  Ft,  etc.,  we  would  have 
P'^P'iyi  +  P'tyt  +  ....^(^/t/RT)  [yiXXaX^  (Mai-Mki)^  -f  y^XaX^  (Mat-Mht)* 
+ ].    But  here  Mai-Mat^Mat—Mbi^Xa—Xh,  that  is,  the  effects  of  the  different 

F's  cancel,  and  the  result  is  P'  « — ^- » the  same  as  if  a  single  average  value, 

or  the  value  zero,  were  used  for  F;  at  the  same  time  it  is  seen  th^t  P'l  =  P't  = 

**  The  discussion  in  Ref.  19  applies  to  the  values  of  the  approximate  diffusion 

separation  coefficient  £'/»»•  (which  is  proportional  to  P'/ne),  except   that  £'/«•  is 

2RT      P' 
inversely  proportional  to  the  total  molecular  weight:  E'  = *  Ti-  •     ^*  ^^  applies  ap- 

c         M 

proximately  to  the  exact  coefficient  B  or  B '/««,  holding  usually  to  within  1  or  2%  for  the 
latter.  These  relations  were  stated  in  the  previous  paper  but  not  as  fully  discussed 
as  here. 

'*  In  the  case  of  the  ordinary  separation  coefficient  we  have  analogous  to  the  above 

•        •      ^    *     01     77//  1    fyj^XMPCa-^X^    ^    y^SXMiXa-X,)*    ^  1 

discussion  m  Note  21,  E'/n,  =  —  I H +  •  • .  I 

ens  I  Moi  Aftt  J 

7:xaMXa-X6)^r  yi    ^    y,  1        Xx,xtiXa-Xiy  ,         2RT    ^^,,    ^ 

c»«  LAfoi        Mn  J  cntM  cM 

These  relations  of  course  hold  also  for  E  (n«  =  l),  and  for  B  and  B'/n^;  in  all  cases 

approximations  are  involved,  but  these  are  usually  close. 
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the  variotis  isotopes  of  a  given  element,  is  the  same  for  both  the  ordinary 
and  the  centrifugal  separation  coefScients  (also  for  the  thermal  di£fusion 
coeflELdent) ;  they  differ  in  the  dependence  of  the  former  (the  same  is  true  of 
the  thermal  coefScient)  on  the  magnitude  of  the  atomic  (or  molectdar) 
weight. 

In  a  centrifugal  separation,  the  degree  of  separation  varies  continuously 
with  the  distance  from  the  axis  of  the  apparatus,  as  expressed  by  Equation 
28  or  28'.  In  using  Equations  23  and  28  or  28'  it  should  be  remembered 
that  ApM  is  the  difference  in  atomic  weight  between  material  in  different 
regions.  The  absolute  atomic  weights  of  any  fractions  depend  on  the  dis- 
tribution  of  material  in  the  centrifuge.  The  only  generalization  which 
can  be  made  is  that  the  original  or  average  atomic  weight  must  be  some- 
where between  the  extremes  at  center  and  periphery.  If  the  material 
were  largely  concentrated  in  the  periphery,  the  decrease  of  atomic  weight 
would  be  nearly  A^Af  for  the  light  fraction,  while  the  increase  would 
be  only  slight  for  the  denser  fraction.  Note  that  ^pM  varies  as  the  square 
of  the  angular  velocity,  and  also  as  the  square  of  the  radius.  A^M  also 
varies  inversely  as  the  absolute  temperature. 

It  is  of  interest  to  calculate  the  peripheral  velocity  v  (or  in  general  the 

value  of  Vi7«— tJo«)  necessary  to  produce  a  difference  of  atomjic  weight 

LpM  equal  to  that  secured  in  an  ordinary  diffusion  or  evaporation  with 

a  cut  of  2.     For  the  latter  case,  AAM  =  25  In  2;  for  the  former,  A^Af 

M 
=  —  •  B  .»*,  nearly.    Equating  A^Af  ^and  AAM,  it  is  found  that  v^  = 

1.3862JT     ^^.      .  181,000^  ^^^^     ^      ._       ^owt-n 

--: This  gives  v  =  — ;=-  for  t  =  20 °C.    For  M  =  6.94  (Li), 

M  yM 

t,  =  6.9  X  10^  for  M  =  36.46  (HCl),  u  =  3.0  X  10^  for  M  =  200.6 
(Hg),  i;  =  1.28  X  10^  If  the  ratio  of  the  value  of  A^Af  for  v  =  lO'* 
to  that  of  AAM  for  a  cut  of  2  is  calculated  the  values  obtained  are,  2.2 
for  Li,  11 . 1  for  HCl,  61  for  Hg.  If  t;  =  10\  the  ratios  are,  0. 022,  0.111, 
and  0.61.  The  value  of  the  centrifugal  method  evidently  depends  on 
the  possibiUty  of  obtaining  and  using  a  velocity  approaching  10*  cm./ 
sec.  If  this  can  be  done,  the  centrifugal  method  is  clearly  superior  in 
theory  to  any  other  method  for  the  heavier  elements.  The  method  has 
additional  superiority  in  the  fact  that  the  separation  should  be  just  as 
great  for  any  compound  of  an  element,  as  already  pointed  out.  There 
are,  however,  a  niunber  of  difficulties,  especially  for  the  heavier  elements, 
aside  from  that  of  obtaining  the  necessary  speed. 

Drawbacks  to  Centrifugal  Method. — ^Among  the  factors  that  reduce 
the  apparent  advantages  of  the  application  of  the  centrifugal  method  to 
the  separation  of  gaseous  isotopic  mixtures  are  (1)  the  difficulty  of  con- 
structing a  centrifuge  which  could  consistently  turn  out  separated  products 
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at  as  great  a  rate  as  a  diffusion  or  evaporation  apparatus;  (2)  the  fact  that 
the  value  of  A^M  depends  on  («'— -Uo^),  not  on  t>*  alone;  (3)  the  necessity  for 
removing  the  products  continuously  while  the  centrifuge  is  moving  at 
full  speed;  (4)  the  fact  that  ApM  represents  the  extreme  separation,  and 
that  it  will  be  difficult  to  design  an  apparatus,  continuous  or  otherwise, 
that  will  separate  the  input  material  at  all  completely  into  two  more  or 
less  equal  extreme  fractions,  especially  in  view  of  the  fact  that  (5)  at  high 
speed  a  gas  will  very  largely  condense  to  a  liquid,  or  beconie  highly  com- 
pressed, close  to  the  periphery,  so  that  the  light  fraction  will  be  extremely 
small.  In  connection  with  (4),  the  average  value  of  A^M,  referred  to 
the  composition  at  the  point  ro  nearest  the  center  of  the  centrifuge,  for 
the  material  between  any  two  radial  distances  r i  and  r2  from  the  center, 
is 


ri       J   fi J  f  1 


.     p„,  [  (r.'-n')/3-^r.'(r.-r.)  J  ^  ,/^  ^^,  ^^^,  ^  ^^^^  ^  ^^,_3^^.j     ^g^^ 

This  is  accurate  only  if  the  density  is  practically  constant,  and  so  is  ap- 
plicable especially  to  liquids.  If  the  whole  material  is  divided  into  two 
equal  fractions  by  volume,  then  for  a  whirling  cylindrical  tube,  or  for  a 
hollow  disc,  the  actual  separation,  or  difference  in  atomic  weight,  will 
be  about  half  the  extreme  A^M .  It  can  be  shown  that  in  such  a  case 
the  departiu-e  of  the  denser  f ractio»f  rom  the  original  or  average  composition 
is  greater  than  that  of  the  less  dense  fraction.  If  only  extreme  fractions 
are  taken,  the  larger  separation  is  at  the  expense  of  quantity.  If  the  value 
of  ApM  is  large,  there  will  be  a  large  density-gradient  (Factor  5),  which 
will  again  reduce  the  quantity  of  the  light  fraction.  The  ratio  of  total 
pressure  from  periphery  to  center  can  be  calculated  from  Equation  26 

/«P//>o=~^^^=-.    ^^--^'  (31) 

P  (or  P')  being  given  by  Equation  28  or  28'.     For  ApM  =  1.386  B  = 

,       ...  .       .  181,000        ,       ,       ,  (181,000)2 

(A AM),  -  2,  we  found  v  =       ,—    >  and  so  In  p/po  =  —  '  or  p/po 

=  e  °'^^  =2.0.  This  pressure  ratio  is  not  large,  but  neither  are  the  values 
.  of  ApM.  For  large  values  of  A^Af ,  where  the  centrifugal  method  would 
be  really  worth  while,  the  pressure  ratio  becomes  large,  and  the  diflSculty 
of  obtaining  any  appreciable  quantity  of  separated  product  is  greatly 
increased.  Thus  for  A^M  =  13.86  5,  p/po  =  (2)io  =  10».  For  the  high 
pressure  ratios,  the  concentration  of  material  near  the  periphery  will  be 
even  more  marked,  due  to  departure  from  the  behavior  of  a  perfect  gas. 
These  difiiculties  cannot  well  be  avoided  by  any  special  method  of  design. — 
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Note  that  from  (31),  pipss  =  e^p"^^^^.  This  means  that  insofar  as  the 
value  of  p7/>o  sets  a  practical  limit  to  A^M ,  the  coefficient  B,  instead 
of  P,  is  important,  so  that  the  heavy  elements  lose  their  advantage.  On 
the  whole,  it  seems  probable  that  the  direct  separation  of  a  gas  or  vapor 
into  fractions  by  centrifuging  would  have  no  practical  superiority,  as  a 
means  of  separating  isotopes,  over  the  diffusion  or  evaporation  methods. 
Method  of  Evaporative  Centrifuging. — ^The  following  special  adapta- 
tion of  the  centrifugal  .method  seems  rather  promising  as  a  means  of  se- 
curing a  fairly  large  separation  in  a  single  operation  in  the  case  of  certain- 
gases.  It  should  give  greater  separation  than  the  method  of  dividing 
a  gas  directly  into  fractions,  as  well  as  being  largely  independent  of 
the  diffictdties  caused  by  large  pressure  ratios.  For  this  purpose,  the 
apparatus  should  have  a  considerable  capacity  near  the  periphery,  which 
should  be  in  free  communication  with  the  center,  so  that  equilibration 
would  be  rapid.  The  gaseous  isotopic  mixture  to  be  centrifuged  would  be 
admitted  through  a  tube  connected  with  the  center  of  the  centrifuge. 
As  the  latter  speeded  up,  more  and  more  gas  would  be  drawn  in,  and  com- 
pressed or  condensed  in  the  periphery.  When  equihbrium  had  been  es- 
tablished, under  conditions  such  that  nearly  all  the  gas  was  concentrated 
in  the  periphery,  the  gas  would  be  drawn  off  very  slowly  by  reducing  its 
presstu'e  at  the  center  of  the  apparatus.  Any  desired  cut  could  be  made, 
and  the  process  would  be  analogous  in  its  results  to,  although  entirely 
different  in  mechanism  from,  a  process  of  irreversible  evaporation  having 
a  separation  coefficient  equal  to  the  value  of  A^,  which  represents  differ- 
ence in  atomic  weight  between  center  and  periphery.  Gas  thus  drawn  off 
corresponds  to  the  "instantaneous  condensate*'  in  an  evaporation.  For 
the  residue,  in  the  periphery,  the  increase  in  atomic  weight  would  be 

(AM),  =  ApM  InC^  Pv*  In  C;  (32) 

for  the  gas  drawn  off, 

(_,M),  =  ^f^  =  ^  (33) 

and  the  total  difference  in  atomic  weight  between  the  two  fractions  would 

(..3/),  =  ^^^.  (34) 

These  equations  are  analogous  to  (7),  (16),  and  (19).  For  a  cut  of  2, 
(AAM)^  =  1.386  Pv^,  In  this  last  case,  two  separated  fractions  differing 
by  1.386  Pv^  would  be  obtained;  whereas,  by  merely  splitting  the  gas  in 
a  centrifuge  at  the  same  speed  into  two  fractions,  even  if  the  density  of 
the  gas  cotdd  be  uniform,  the  difference  in  average  composition  of  the  two 
fractions  would  be  only  Pv^/2  imits  of  atomic  weight.  The  modified  method 
thus  should  give  a  much  larger  practical  separation,  even  aside  from  the 
question  of  the  pressure  ratio  effect.     Further,  the  product  can  be  takeq 

Digitized  by  V3«c.»^V  IC 


1044  ROBERT  S.  MUI^LIKEN 

off  in  several  fractions,  if  desired,  and  a  large  cut  can  be  made  on  the  resi- 
due in  one  operation,  greatly  increasing  the  separation.  The  method  thus 
strongly  resembles  the  evaporation  method,  and  may  be  called  "evapo- 
rative centrifuging."  In  practice,  the  efl&ciency  of  the  method  will  be  re- 
duced somewhat  (1)  by  the  very  fact  that  not  all  the  gas  will  be  in  the  pe- 
riphery initially,  and  (2)  by  the  disturbance  of  equiUbrium  caused  by  the 
drawing  off  of  the  gas.  For  the  successful  operation  of  the  method  of 
evaporative  centrifuging,  the  speed  and  quantity  of  material  used  must 
be  so  adjusted  that  the  gas  pressure  at  the  center  will  be  great  enough 
to  handle,  while  the  material  in  the  periphery  is,  preferably,  in  the  liquid 
state.  This  condition  can  be  fulfilled,  up  to  fairly  high  peripheral  ve- 
locities, by  a  few  gases  of  high  critical  pressure  and  low  boiling  point, 
such  as  hydrogen  chloride,  bromide,  selenide,  telliuide  and  silidde.  Thus 
for  hydrogen  chloride  at  t;  =  10*,  ( A  AM)p,  for  a  cut  of  2,  would  be  15  times 
as  great  as  A  AM  for  a  diffusion  or  evaporation.  If  the  hydrogen  chloride 
behaved  like  a  perfect  gas,  the  pressure  ratio  (about  2200)  woiJd  corre- 
spond to  a  range  from  15  mm.  to  45  atmospheres,  the  latter  being  approxi- 
mately the  vapor  pressure  of  hydrogen  chloride  at  20**  (the  critical  pressure 
is  86  atmospheres). 

General  Considerations  Respecting  the  Centrifuging  of  a  Gas. — 
For  the  lightest  elements,  the  centrifugal  method  has  no  great  theoretical 
superiority  over  the  diffusion  methods  in  degree  of  separation  even  for 
V  =  10*.  For  the  heavier  elements  or  compounds,  the  pressure  ratio  becomes 
excessive  at  velocities  too  low  to  jdeld  a  very  great  separation.  For  gases 
of  low  critical  pressure,  the  pressure  ratio  again  limits  the  separation. 
For  liquids,  or  gases  of  high  critical  temperatiu-e,  heating  is  required  (note 
that  the  degree  of  separation  is  inversely  proportional  to  the  absolute 
temperature).  Thus  the  method  of  evaporative  centrifuging  is  re- 
stricted in  its  usefulness  to  some  of  the  elements  of  medium  atomic  weight 
Here  a  separation  10-15  times  as  great  as  that  obtainable  by  diffusion 
methods  can  be  hoped  for  in  a  single  operation.  A  greater  separation 
than  this  in  a  single  operation  can  hardly  be  hoped  for  under  any  practi- 
cable conditions. 

Factors  of  Importance  in  Separating  Isotopes  by  the  Centrifugmg 
of  a  Liquid. — As  far  as  theory  is  concerned,  a  very  large  separation 
might  be  expected  in  the  centrifuging  of  liquid  elements  of  high  atomic 
weight.  One  great  advantage  of  such  a  method  would  be  the  ease  with 
which  the  material  could  be  divided  into  fractions,  the  diffictdties  caused 
by  compression  and  condensation  in  the  case  of  gases  at  high  pressure 
ratios  being  practically  absent.  Equation  30  would  apply  quite  well  to 
the  fractions  obtained  in  centrifuging  a  liquid.  New  diffictdties,  however, 
enter  if  one  attempts  to  obtain  the  largest  separations.  Thus  for  v  = 
10*  cm.  per  sec,  ApM  is  60  times  as  great  for  merctuy  as  is  A  AM  for  a  cut 
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of  2  by  a  diffusion ;  but  tmder  these  conditions  the  calculated  pressure  in  the 
peripheral  portion  of  the  centrifuge  would  be  70,000  atmospheres,**  and  it  is 
found  that  the  degree  of  separation  is  directly  proportional  to  the  peripheral 
pressure.  Thus  this  factor  involves  enormous,  if  not  insuperable  diffi- 
culties of  construction  for  very  large  separations.  The  use  of  a  suitable 
liquid  compoimd  of  a  heavy  element  of  lower  density  would  of  coturse 
improve  matters;  and  the  use  of  an  aqueous  solution  of  a  salt  has  possi- 
bilities (several  diffictdties  might  come  up  here;  also,  the  capacity  of  the 
apparatus  would  be  greatly  reduced).  The  most  important  practical 
difficulty,  as  is  shown  by  experimental  evidence  given  below,  is  the  effect 
of  even  slight  vibration  in  nullifying  the  tendency  toward  separation.*** 
This  may  or  may  not  be  insuperable.  Another  practical  factor  to  be 
considered  is  the  rate  of  attainment  of  equilibrium,  but  the  conditions 
are  favorable  in  this  respect.  The  evidence  for  the  correctness  of  the 
theory  in  the  case  of  a  Uquid  seems  practically  as  conclusive  as  for  the  case 
of  a  gas. 

Theory  of  Separation  of  Isotopes  by  Liquid  Centrifuging. — ^Lindeinann 
and  Aston^^  give  for  the  separation  of  a  liquid  into  isotopes  by  centrifuging 
the  same  equation  as  for  a  gas.  In  connection  with  a  discussion  of  the 
possibility  of  separating  liquid  mercury  by  this  method,  Poole**  gives  a 
detailed  derivation  which  would  lead  to  equations  identical  with  those 
of  Lindemann  and  Aston,  although  Poole  does  not  make  the  necessary 
final  step.  The  equations  in  the  present  paper  would  then  also  hold. 
In  Poole's  derivation,  he  assumes  that  the  buoyancy  effect  caused  by  the 
relative  centrifugal  force  on  the'assmned  two  isotopes,  which  have  equal 
atomic  volumes,  is  balanced  by  the  "osmotic  pressure"  which  is  set 
equal  to  cRT. 

The  problem  can  be  attacked  from  another  point  of  view.  Suppose 
an  isotopic  liquid  and  its  saturated  vapor  to  be  centrif  uged  side  by  side  in 
a  tube,  the  two  phases  being  separated  by  a  longitudinal  membrane 
permeable  only  to  the  vapor.*^    Let  enough  time  be  allowed  for  the  at- 


**  In  genera],  the  peripheral  pressure  Pr=    I  -   dP 


/^'-.r 


-/;. 


p«*rdr  =  ■  - 


2  2 

if  p,  the  density,  is  assumed  constant,  or  an  average  value  taken.  Since  ApM  is  also  pro- 
portional to  (»*— ro*),  the  peripheral  pressure  is  evidently  directly  proportional  to  the 
degree  of  separation  obtained. 

*  It  seems  imlikely  that  this  effect  could  interfere  seriously  with  the  method  of 
evaporative  centrifuging  of  a  gas,  already  discussed. 

««  Poole,  PhU.  Mag.,  [6]  41,  818  (1921). 

^  The  vapor  would  of  course  be  highly  supersaturated  and  would  tend  to  condense 
in  the  free  vapor  space  at  the  peripheral  end  of  the  tube,  thus  leading  to  a  distillation 
of  the  confined  liquid  until  it  was  equally  dbtributed  on  both  sides  of  the  membrane. 
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tainment  of  a  steady  state.  By  the  familiar  type  of  proof  based  on  the 
second  law  of  thermodynamics,  the  (total)  vapor  pressure  at  every  point 
must  be  that  corresponding  to  equilibrium  with  the  liquid  under  (cen- 
trifugal) pressure  in  the  other  tube.^*  Now  suppose  the  equilibrium  com- 
position-distribution were  not  the  same  in  both  tubes,  when  allowed  to 
reach  equilibrium  independently.  Then  there  could  not  be  composition 
equilibrium  between  the  two  phases  across  the  membrane,  when  the  other 
equilibria  were  satisfied.  As  a  result  of  the  conflicting  equilibrium  con- 
ditions, a  perpetual  circulation  of  the  isotopes  would  go  on  (the  denser 
ones  in  one  direction,  the  less  dense  in  the  opposite,  presumably).  No 
equilibrium  could  be  attained  in  either  phase,  and  the  system  would  be 
capable  of  doing  work  continuously  at  constant  temperatiu'e  at  the  ex- 
pense of  thermal  energy.  This  would  violate  the  second  law  of  thermo- 
dynamics, and  the  statistical  mechanical  principles  underlying  it.  We 
may  then  conclude  that  the  isotopic  composition  will  be  identical  at  corre- 
sponding points  in  the  two  tubes.  The  equations  previously  obtained 
for  ah  ideal  gas  are  then  applicable  to  any  liquid  whose  saturated  vapor 
behaves  like  an  ideal  gas,  and  undoubtedly  also,  by  the  principle  of  con- 
tinuity, to  any  liquid  or  compressed  gas  whatever. 

Experimental  Work  on  the  Separation  of  Isotopes  by  Liquid  Centri- 
fuging. — An  unsuccessful  attempt  was  made  by  Joly  and  Poole*"  to  de- 
tect a  separation  of  the  isotopes  of  lead  after  centrifuging  ordinary  lead 
in  the  liquid  state  in  steel  tubes,  with  a  peripheral  velocity  of  10*  cm./ 
sec.  The  expected  separation  was,  however,  within  the  limit  of  error  of 
the  density  determinations.  They  seciu'ed,  nevertheless,  a  decided  sepa- 
ration in  the  case  of  certain  alloys.  Poole*'  later  discussed  the  possibility 
of  securing  a  separation  with  mercury,  but  concluded  that  the  separation 
(30  parts  per  million  in  density)  to  be  expected  with  their  centrifuge 
would  be  too  small  to  measure.  Actually,  much  smaller  changes  in  the 
density  of  mercury  can  be  determined,  as  has  been  shown  by  Brdnsted 
and  Hevesy'®  and  especially  by  Mulliken  and  Harkins.*  With  the  idea 
of  testing  the  theory  experimentally,  two  steel  tubes  were  made  to  fit 
a  large  laboratory  centrifuge.  Thick-walled  glass  tubes  were  first  tried, 
but  their  capacity  was  small  and  breakage  too  frequent.  A  speed  of  about 
2300  r.p.m.  was  attained.  The  inner  end  of  each  tube  was  7. 1  cm.  from 
the  center  of  the  centrifuge,  the  outer  end  26.3  cm.  The  tubes  held  13 
cc.  each.    The  calculated  extreme  separation  is  (A^M)    =   8.8  parts 

This  tendency,  however,  does  not  in  the  least  invalidate  the  argument.  It  has  no  bear- 
ing on  the  equilibrium  between  the  vapor  and  confined  liquid  at  any  point. 

*•  As  far  as  the  total  vajwr  pressure  is  concerned,  the  isotopic  composition  of  liquid 
or  vapor  should  be  a  matter  of  indifference,  since  all  the  evidence  shows  that  the  vapor 
pressures  of  isotopes  are  practically,  if  not  exactly,  equal. 

«•  Joly  and  Poole,  Phil.  Mag.,  [6]  39, 372  (1920). 

*»  Br6nsted  and  Hevesy,  Phil.  Mag.,  [6]  43,  31  (1922). 
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per  million  in  density.  The  centrifuged  material  was  divided  into  thirds, 
and  the  densities  of  the  inner  and  outer  thirds  compared*  The  expected 
difference  was  about  2/3  X  8.8  =  5.9  p.p.m.  (by  Equation  30).  This 
is  very  much  greater  than  the  experimental  error  in  the  density  determina- 
tions. The  results  were  conclusively  negative  to  within  0.5  p.p.m.  in 
each  of  three  runs  (a  40-minute  run  with  glass  tubes,  and  two  8-hour  runs 
with  the  steel  tubes).  In  the  first  of  the  latter  runs  there  was  a  little 
vibration,  but  great  care  was  taken  in  the  second  run  to  reduce  this  to 
a  minitniim  by  adjusting  the  weights  of  the  tubes  (these  were  somewhat 
imequal  for  the  best  balancing).  There  was  still  detectable  vibration, 
however,  which  increased  after  the  run  had  started.  The  pycnometer 
weighings,'*  each  corresponding  to  a  separate  refilling  of  the  pycnometer, 
were  made  and  corrected  as  described  in  the  previous  paper.  They  are 
all  reproduced  in  Table  I  to  show  the  conclusiveness  of  the  results  and  to 
illustrate  the  accuracy  of  the  density  comparisons.  In  Run  1,  the  pycnom- 
eter used  contained  about  96  g.  of  mercury,  in  the  other  runs,  107  g. 


Run 


Time 

Corrected  weight  of  filled  pycnometer 

Hours 

Uncentrifuged 

"Heavy"  Fraction 

, 

"Light"  Fraction 

V. 

116.32900 
116.32885 

116.32900 
116.32897 

Av. 

116.32893 

Av. 

116.32899 

7.5 

124.09339 

124.09343 

124.09339 

124.09341 

(124.09321) 
124.09336 

124.09338 

Av. 

124.09340 

Av. 

124.09340 

Av. 

124.09339 

8 

124.09393 
124.09398 

(124.09431) 

(124.09355) 

(124.09379) 

124.09391 

124.09400 

124.09397 

Av. 

124.09396 

Av. 

124.09396 

It  was  suspected  that  vibration  was  the  cause  of  failure  to  obtain  a  sepa- 
ration. The  process  of  establishment  of  the  equilibrium  state  imder 
centrifugal  force  is  one  of  diffusion,'*  so  that  the  rate  of  diffusion  is  also  an 

**  None  of  the  weighings  made  has  been  omitted  in  the  table.  In  taking  averages, 
those  in  parentheses  have  been  rejected.  This  is  justified  by  the  close  agreement  of  the 
remaining  values,  as  well  as  by  other  evidence  (pimip  not  working  properly)  in  the  case 
of  the  two  low  values  for  Sample  3.  Low  values  are  usually  due  to  incomplete  filling 
and  are  very  likely  to  be  wrong  when  consistent  higher  values  are  obtained .  Uncommonly 
high  values  are  usually  due  to  an  unnoticed  minute  drop  of  merciuy  on  the  outside  of  the 
pycnometer. 

»*  This  factor  is  discussed  in  an  article  (of  which  only  an  abstract  was  available  to 
the  writer)  by  von  Hevesy,  Verh.  Deutschen.  Physik.  Ges.,  1, 47  (1920),  in  connection  with 
a  discussion  of  Joly  and  Poole's  attempt  (Ref.  29)  to  separate  the  lead  isotopes.  Von 
Hevesy  also  discusses  the  case  of  an  aqueous  solution  of  a  lead  salt. 
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important  factor.  We  may  reasonably  asswne  that  the  separation  of 
the  isotopes  would  take  place  at  the  same  rate  under  centrifugal  force 
as  return  to  uniformity  of  composition  would  occur  after  the  stopping  of 
the  centrifuge.  We  may  assume  2.0  g./cm.Vday  as  a  reasonable  value 
for  the  autogenic  diffusion  of  mercury.  Then  for  a  tube  20  cm.  long, 
if  the  difference  of  density  at  the  two  ends  has  any  value  Ad,  we  can  ob- 
tain an  idea  of  the  rate  of  diffusion  by  asstuning  a  tmif orm  density  gradient 
equal  to  Ad/20.  On  this  basis,  it  is  found,  assuming  mercury  to  consist 
of  a  mixture  of  two  isotopes  differing  by  3  units  in  atomic  weight,  that  in 
24  hours  enough  of  the  heavy  isotopes  would  pass  from  one-half  of  the  tube 
to  the  other  to  neutralize  the  initial  gradient  five  times  over,  if  the  latter 
were  maintained  constant.  Prom  this  rough  calculation,  it  is  evident 
that  in  8  hours  composition  equiUbritun  under  centrifugal  force  should  be 
approached. 

The  effect  of  vibration  and  of  diffusion-rate  were  directly  tested,  as 
follows.  The  lower  half  of  each  steel  centrifuge  tube  was  filled  with  some 
mercury  having  a  density  12  p.p.m.  greater  (weight  of  filled  pycnometer 
124.09526  g.)  than  that  of  ordinary  mercury  (weight  of  filled  pycnometer 
124.09401  g.),  which  was  used  to  fill  the  upper  half  of  each  tube.  The 
tubes  were  then  centrifuged  at  full  speed  for  V«  hour,  there  being  slight 
vibration  during  the  operation.  The  densities  of  the  material  in  the 
two  halves  of  the  tube  were  now  redetermined,  and  found  practically 
identical  (lower  half,  W  =  124.09466,  upper  half,  W  =  124.09461). 
The  tubes  were  then  refilled  in  the  same  way  with  fresh  material  and  al- 
lowed to  stand  quietly  for  the  same  total  time  as  before  (53  minutes). 
This  time,  the  material  of  the  lower  half  showed  a  decrease  of  density  of 
only  0.15  mg.  (W  =  124.09511.)  Finally,  the  same  fractions  were  re- 
turned to  the  tubes  which  were  then  allowed  to  stand  tmdisturbed  for 
8V«  hours.  Diffusion  was  now  nearly  complete."  (W  =  124.09475 
for  the  material  from  the  lower  end  of  the  tube;  decrease  =  0.51  mg. 
out  of  a  possible  0.63  mg.) 

Conclusions  in  Regard  to  Liquid  Centrifuging. — The  above  results 
give  direct  proof  that  diffusion  is  sufficiently  rapid  to  permit  separation, 
but  that  vibration  of  the  centrifuge  is  sufficient  to  prevent  it  (the  effect 
of  vibration  would  of  course  be  less  if  diffusion  were  more  rapid).  The 
result  shows  that  on  account  of  the  latter  factor,  the  separation  of  isotopes 
by  the  centrifuging  of  a  liquid  is  not  a  promising  method,  although  it  might 
be  possible  in  a  very  accurately,  heavily  constructed  and  perfectly 
balanced  centrifuge.    The  results  do  not,  of  course,  give  any  evidence  as 

**  Experiments  of  this  sort  can  be  used  to  determine  the  *  autogenic  diffusion 
coefficient  of  mercury,  somewhat  as  Gr6h  and  von  Hevesy  [Ann.  Physik,  [4]  63,  85 
(1920)]  used  a  radioactive  isotope  to  determine  the  corresponding  coefficient  in  the  case 
of  lead. 
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to  the  validity  of  the  theory  of  centrifugal  separation.    The  theoretical 
evidence  for  this,  however,  seems  conclusive. 

Summary 

1.  The  theory  of  the  separation  of  isotopes  by  thermal  diffusion  and 
by  centrifuging  is  discussed.  Equations  are  developed  giving  the  differ- 
ence in  atomic  weight  obtainable  in  any  operation,  similar  to  the  equa- 
tions for  diffusion  and  evaporation  processes  obtained  in  a  previous  paper.' 

2.  For  thermal  diffusion,  the  difference  in  atomic  weight  between  por- 
tions of  an  isotopic  gas  at  temperatures  Ti  and  T%,  respectively  is  A|M= 
K  X  Bin  Ti/Ttf  approximately,  the  atomic  weight  being  greater  at  the 
colder  end.  B  is  the  ordinary  separation  coeflScient  as  defined  in  the  previ- 
ous paper,  i^  is  an  approximate  constant  for  each  element,  having  a  value 
probably  near  V**  and  depending  on  the  behavior  of  the  molecule  during 
impacts.  The  term  KB  may  be  called  the  thermal  separation  coefSdent. 
The  method  of  thermal  diffusion  is  shown  to  be  much  less  effective  as  a 
means  of  separating  isotopes  than  ordinary  diffusion  or  evaporation. 
A  somewhat  more  advantageous  modification  of  the  method  is  described 
under  the  name  of  evaporative  thermal  diffusion. 

3.  For  the  centrifuging  of  a  gas  the  difference  in  atomic  weight  between 
the  central  and  peripheral  regions  is  ApM  =  Piv^—Vo^),  where  P,  the 
"centrifugal  separation  coefficient,"  is  a  characteristic  constant  for  each 
element  (v  and  vq  denote  velocities  at  the  peripheral  and  central  regions  of 
the  material  under  treatment).  Values  of  P  for  various  elements  are 
given.  It  is  shown  that  the  value  of  P  is  imaffected  by  the  state  of  combi- 
nation of  the  element,  even  if  the  compound  contains  other  isotopic 
elements.  Thus  the  separation  is  equally  great  for  all  compounds  of  a 
given  element.  This  is  in  contrast  to  the  situation  with  all  the  other 
diffusion  methods,  for  which  the  degree  of  separation  of  a  given 
element  in  one  operation  is  inversely  proportional  to  the  molecular  weight 
of  the  compound.  Further,  the  value  of  P  for  any  element  is  independent 
of  the  atomic  weight,  while  the  ordinary  separation  coefficient  £  is  in- 
versely proportional  to  the  latter.  Hence,  the  theory  is  on  this  basis 
relatively  increasingly  more  favorable  to  the  centrifugal  method  as  the 

atomic  weight  increases.    P  is  equal  to  -^^ for  a  mixture  of 

two   isotopes,    and   for   a   mixture    of   several    isotopes   is    given    by 
'LJ^i;taX^{M^TM^y      p^  ^^^^  ^^  .^  inversely  proportional  to  T,  but 

depends  on  the  atomic  or  molecular  weight  intervals  [M^^M^)  and  mol- 
fractions  (^'s)  in  the  same  way  as  B, 

4.  Although  for  the  heavy  elements  the  theory  predicts,  for  a  periph- 
eral velocity  of  10*  cm./sec.  a  separation  many  times  that  obtainable 
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in  a  single  diffusion  or  evaporation,  it  is  shown  that  compression  and  con- 
densation of  the  gas  or  vapor  into  the  penpheral  region  make  such  large 
separations  impracticable  if  carried  out  in  any  ordinary  way.    The  pressure 

ratio  between  the  two  regions  is  given  by    —  =    —-.  — —:;,  (strictly 

^  ^      pQ  P    2RT 

true  only  for  an  ideal  gas),  and  so  increases  with  atomic  and  molecular 

weight. 

5.  A  special  method  which  is  called  "evaporative  centrifuging"  is 
proposed  whereby  gas  condensed  in  the  periphery  of  the  centrifuge  at 
high  speed  would  be  allowed  to  evaporate  very  slowly,  the  light  fraction 
being  drawn  off  gradually  at  low  pressure  from  the  center  of  the  apparatus. 
The  process  would  be  in  effect  precisely  analogous  to  an  evaporation 
in  which  the  separation  coefficient  was  increased  from  B  to  Pv*.  This 
method,  applicable  at  room  temperature  to  hydrogen  chloride,  bromide, 
selenide,  telluride  and  silidde,  and  perhaps  to  other  substances,  though 
less  advantageously,  with  heating,  might  be  expected  with  peripheral 
velocities  up  to  10*,  to  yield  a  separation  10  or  15  times  as  great  in  a  single 
operation  as  would  an  ordinary  diffusion  or  evaporation.  No  serious 
objection  to  the  method  is  obvious.  The  method  may  be  the  most 
rapid  method  of  separating  isotopes  for  some  of  the  elements  of  medium 
atomic  weight,  provided  a  suitable  centrifuge  of  reasonable  capacity 
and  the  necessary  speed  can  be  constructed.  For  the  lighter  or  heavier 
elements,  the  method  is  less  promising. 

6.  The  theory  of  the  separation  of  isotopes  by  the  centrifuging  of  a 
Uquid  is  discussed,  and  a  thermodynamic  demonstration  given  that  the 
degree  of  separation  for  a  given  apparatus  is  identical  for  liquids,  gases, 
and  intermediate  states  of  matter.  An  account  is  given  of  an  attempt 
to  test  the  theory  in  the  case  of  liquid  mercury.  The  conclusively  negative 
results  obtained  are  shown  by  an  experiment  to  be  attributable  to  a 
slight  vibration  of  the  centrifuge.  This  effect  is  likely  to  prove  a  limiting 
factor  in  any  attempt  to  use  the  theoretically  very  promising  method  of 
liquid  centrifuging.  The  effect  of  other  factors  is  discussed,  including 
that  of  diffusion  rate.  The  latter  is  shown  theoretically,  and  experiment- 
ally by  determining  the  rate  of  interdiffusion  of  separated  isotopes,  to 
be  sufficiently  great  in  the  case  of  mercury  (and  undoubtedly  in  general), 
to  permit  an  approach  to  the  theoretical  equilibrium  state  of  partial 
separation  in  a  few  hotu^. 

7.  The  above  discussion  applies  to  the  separation  by  centrifuging  of 
non-isotopic  gases  of  nearly  equal  molecular  weight  (e.  g„  air),  and  also 
of  ideal  solutions.  The  chief  difficulty  in  the  case  of  the  latter  would  be 
the  effect  of  vibration. 

8.  Some  equations  and  discussions  applicable  to  the  previous  paper 
are  given,  viz.,  Equations  19  and  19A,  and  References  17,  20,  22,  and  34. 
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In  particular,  a  demonstration  is  given  of  the  at  least  approximate  in> 
dependence  of  the  ordinary  separation  coeflScient,  for  any  element,  of 
anything  but  the  total  molecular  weight,  even  if  the  molecule  contains 
other  isotopic  elements.  Examples  are  also  given  in  Table  I  of  the  ex- 
treme acctu*acy  of  the  density  comparisons  which  can  be  made  with  the 
pycnometer  described  in  the  previous  paper. 

It  may  be  well  to  correct  here  certain  conclusions  given  in  the  previous 
paper  (pp.  40-41)  in  regard  to  the  rate  of  separation  of  isotopes  by  gaseous 
diffusion,  i.  e.,  diffusion  of  an  isotopic  gas  through  a  thin  layer  of  another 
gas  enclosed  in  the  pores  of  a  membrane.  Briefly,  this  method  is  now 
foimd  to  be  always  less  favorable  than  molecular  diffusion,  instead  of 
more  favorable,  as  previously  concluded.  This  is  due  to  the  effect  of  the 
increased  mean  free  path  of  the  heavier  molecules  which  results  from  per- 
sistence of  velocity.  This  factor  was  expressly  neglected  before.  Further, 
it  now  appears  that  mass  motion,  either  positive  or  negative,  should  have 
practically  no  effect  on  the  rate  of  separation,  except  indirectly  as  it  may 
affect  back  presstu*e  and  so  efficiency.  A  fuller  discussion  of  this  subject 
will  be  given  later.  Experimental  work  is  now  being  carried  on  with  mer- 
ciuy. 

Acknowledgment  should  have  been  expressed  in  the  previous  paper 
of  indebtedness  to  the  C.  M.  Warren  Fund  of  the  American  Academy 
of  Arts  and  Sciences  for  a  grant  of  five  hundred  dollars  made  to  Professor 
William  D.  Harkins.  A  part  of  this  grant  was  used  in  the  purchase 
of  an  extremely  accurate  balance  which  was  available  for  use  in  the  pre- 
vious investigation  on  the  separation  of  the  isotopes  of  mercury  by  the 
evaporation  method,  as  well  as  in  the  present  work. 
Chicago,  Illinois 
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THE  HEAT  OF  SOLUTION  OF  ZINC  IN  HYDROCHLOMC  ACID 

By  Theodore  W.  Richards  and  Thorbergur  Thorvaldson 

'  Received  March  1,  1922 

The  heats  of  solution  of  jnetals  in  acids — data  which  are  the  basis  of 
the  computation  of  the  heats  of  formation  of  all  compounds  of  metals — 
are  worthy  of  especial  attention.  The  incompleteness  of  Thomsen's 
method  of  correcting  his  results  for  the  heat  of  dilution  of  the  solutions 
employed^  and  the  merely  approximate  character  of  early  work  renders 
revision  desirable. 

Revision  was,  indeed,  begun  over  a  decade  ago.  Values  for  the  heat  of 
solution  of  zinc,  aluminum,  magnesium,  cadmium  and  iron  in  hydrochloric 
acid  were  found  which  in  some  cases  differed  markedly  from  Thomsen's 
»  Richards  and  Burgess,  This  Journal,  32,  431  (1910). 
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values.*  This  research  was,  however,  preliminary  in  character.  As 
was  duly  mdicated,  the  needful  corrections  for  the  heats  of  dilution  of  the 
solutions  were  sometimes  so  large  as  to  cause  uncertainty.  The  present 
communication  presents  a  repetition  of  the  experiments  with  zinc  under 
better  conditions.  The  new  results  substantiate  the  old  ones  within  a 
reasonable  limit  of  error  but  are,  nevertheless,  so  much  more  satisfactory 
that  it  is  worth  while  to  recount  them  in  detail.  The  experimental  work 
was  finished  in  1914,  but  as  usual  the  publication  has  been  delayed. 

Apparatus. — Since  the  chief  difficulty  in  the  preliminary  work  lay 
in  the  large  volume  of  acid  employed  for  dissolving  the  zinc,  a  new  ar- 
rangement was  devised  which  permitted  the  use  of  a  much  smaller  amotmt 
of  acid,  thus  greatly  diminishing  the  error  which  might  arise  from  the 
corrections  due  to  the  heat  of  dilution.    In  order  that  a  relatively  large 

amoimt  of  zinc  should  be  dissolved  in 
this  small  amount  of  add,  without 
causing  undue  rise  of  temperature  with 
its  attendant  comphcations,  a  large  heat 
capacity  was  provided  by  immersing 
the  reaction  vessel  in  a  large  calorim- 
eter filled  with  water.  The  whole  was 
surrounded  by  an  environment  which 
could  be  changed  in  temperature  so  as 
to  assure  adiabatic  conditions.  The 
outer  parts  of  the  apparatus,  including 
the  1.4-liter  platinum  calorimeter  can, 
were  identical  with  those  used  in  the 
preliminary  work,  but  the  reaction  ves- 
sel should  be  described  in  detail. 

This  reaction  vessel  consisted  of  a  bottle 
(200  cc.  in  volume)  of  pure  gold  (A  in  the  dia- 
gram) with  two  outlets  above  (B,  G).  The 
gold  stopper  (C)  in  the  wider  central  outlet 
was  made  tight  by  a  rubber  band  an(^  con- 
tained, below,  a  movable  inverted  cap  (E)  for 
holding  the  zinc,  which  was  thus  kept  within 
the  bell-shaped  stopper  until  the  moment  of 
The  Inner  Calorimetric  Vessel  and  beginning  the  experiment.  At  this  moment 
Appurtenances.  the  cap  was  lowered  into  the  acid  in  the  gold 

This  vessel  was  enclosed  (with  sur-   bottle  and  used  as  a  stirrer, 
rounding  air  space)    in  a  water-tight  In  order  to  eliminate  spray,  the  evolved 

envelope  with  tubes  above.  The  en-  hydrogen  was  caused  to  pass  out  of  the  bottle 
velope  was  immersed  in  a  large  bath,  by  a  circuitous  route,  downward  into  a  gold 
which  was  always  kept  at  the  same  test-tube  (I)  contained  within  the  bottle  and 
temperature  as  the  inner  vessel.  then  upward  through    a  fine    platinum    side 
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*  Richards,  Rowe  and  Burgess,  This  Journai,,  32,  1176  (1910). 
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tube  reaching  almost  to  the  bottom  of  the  test-tube  within  the  bottle.  This 
test-tube  also  served  to  prevent  reflux  water  from  mixing  with  the  contents  of 
the  bottle.  The  hydrogen  afterwards  emerged  through  water  in  the  outer  can,  giving 
up  its  surplus  heat  and  becoming  saturated  with  water  vapor.  The  screw  stopcock 
(K)  could,  by  turning,  be  closed  at  the  start  and  conclusion  of  the  experiment,  being 
operated  by  a  hard  rubber  tube  attached  to  the  platinum  tube  Q).  The  rubber 
tube  (which  projected  from  the  top  of  the  calorimeter  jacket)  could  be  closed  above. 
An  unsymmetrical  cone  of  platinum  foil  (L),  the  apex  of  which  reached  a  little  above 
the  surface  of  the  liquid  in  the  calorimeter,  prevented  the  bubbles  from  spattering 
liquid  upon  the  cover  of  the  calorimeter.  The  stirring  of  the  water  in  the  main 
calorimeter  was  effected  by  a  vertically  reciprocating  2-stage  stirrer  of  the  conven- 
tional type,  made  of  pure  silver.  This  also,  like  the  outside  connection  of  the  gold 
stopper  and  the  platinum  side  tube,  was  thermally  insulated  by  means  of  hard  rubber. 
The  assemblage  is  suitable,  with  minor  modifications,  for  determining  a  great  variety 
of  thermochemical  values,  especially  such  as  involve  the  absence  of  water  in  the 
reacting  vessel. 

The  apparatus  used  for  determining  specific  heats  and  heats  of  dilution 
has  aheady  been  described  in  full  in  the  earlier  papers  of  this  series. 

All  parts  of  each  of  these  assemblages  were  individually  weighed  for  the 
computation  of  the  heat  capacities. 

The  Beckmann  thermometer  employed  had  been  carefully  standardized 
in  a  variety  of  ways.  The  standardization  finally  accepted  was  that 
kindly  carried  out  by  O.  C.  Bridgeman  and  confirmed  calorimetrically 
by  S.  Tamaru.*  A  thermometer  of  similar  construction  was  used  in  the 
outside  bath  and  one  reading  to  0. 1^  for  the  determination  of  the  room 
temperature. 

All  temperature  readings  and  all  corrections  were  made  to  0.0001**, 
and  the  result  was  then  rounded  off  to  the  nearest  thousandth.  Hence, 
as  far  as  possible,  no  single  value  should  be  more  than  0.0005°  in  error. 

The  averages  of  many  readings  should  be  still  better.  Of  course  this 
limit  of  error  applies  only  to  the  readings;  it  does  not  apply  to  any  possible 
unknown  constant  error. 

Materials. — Two  samples  of  zinc  were  used  in  this  work.  One  was  the  "reagent 
zinc,"  identical  with  that  used  earlier,^  and  found  to  give  results  identical  with  those 
from  the  most  carefully  purified  electrolsrtic  zinc.  This  specimen  had  been  carefully 
analsrzed  and  found  to  contain  no  amotmts  of  impurity  which  could  afifect  the  present 
results.  The  second  sample,  6,  was  guaranteed  "the  purest  zinc  for  analysis"  and  was 
found  to  be  even  purer  than  Sample  A.  The  grantiles  of  metal  were  hammered  into 
thin  sheets,  using  a  brightly  poUshed  hammer  and  anvil  of  the  best  tool  steel.  The 
trace  of  iron  thus  introduced  could  not  have  produced  any  essential  effect  on  the  thermo- 
chemical result.  The  thin  sheets  of  zinc  were  kept  in  the  desiccator  over  caustic  alkali 
until  needed.  Hydrochloric  add  was  prepared  from  the  purest  acid  of  commerce  by 
dilution  with  an  equal  amount  of  distilled  water  and  distillation  in  a  quartz  container. 
The  second  third  of  the  distillate  was  collected  and  made  up  exactly  to  the  required 
strength,  HC1.20HiO.  The  final  determination  of  the  exact  concentration  was  made 
by  duplicate  gravimetric  silver  chloride  analyses.     All  quantities  of  materials  were 

'  Richards  and  Tamaru,  Tms  Journal,  42, 1376  (1920). 
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measured  with  weights  compared  with  the  international  standard,  and  were  reduced 
to  that  standard,  as  well  as  corrected  to  vacuum. 

The  knowledge  of  several  specific  heats  was  needed  for  the  calculation 
of  the  results.  The  specific  heat  of  HCI.2OH2O  had  previously  been  found 
to  be  0.849.*  By  means  of  the  apparatus  employed  in  determining  this 
datum,  it  was  found  that  the  specific  heat  of  the  solution  remaining  after 
the  reaction  of  zinc  on  hydrochloric  acid  was  1 .  62%  greater  than  that  of 
the  acid  given  above;  this  specific  heat  was  therefore  taken  as  0.863. 
The  specific  heats  of  zinc,  platinum,  gold  and  silver  were  taken,  respectively, 
as  0.092,  0.0324,  0.0312,  and  0.055,  while  that  of  rubber  was  taken  as 
0.48.  The  specific  heat  of  water  was  taken  as  1.000  at  18°  because  the 
heat  capacities  were  determined  over  the  range  16°  to  20°.  Afterwards, 
all  the  results  were  reduced  to  20°,  using  the  20°  calorie. 

Details  of  Experimentation 

The  requisite  amount  of  water  was  weighed  in  the  platintun  calorimeter 
vessel,  and  of  HCI.2OH2O  in  the  gold  bottle,  the  gold  test-tube  and  the 
connecting  platinum  tubes  having  been  placed  in  position.  The  gold 
stopper  (filled  with  a  suitable  weighed  quantity  of  zinc,  and  with  its 
trap-door  below  closed)  was  then  fitted  very  tightly  into  the  gold  bottle, 
the  screw  valve  (K)  was  closed,  and  the  whole  assemblage  lowered  into 
the  calorimeter  to  a  suitable  depth,  as  indicated  in  the  diagram.  The 
bottle  was  held  in  position  by  means  of  the  stout  hard  rubber  extension 
(P)  attached  to  the  stopper.  When  the  system  had  adjusted  itself  to  a 
constant  thermal  condition,  as  indicated  by  the  very  slight  regular  change 
in  thermometric  reading  produced  by  stirring,  the  trap-door  cap  (E) 
at  the  bottom  of  the  stopper  was  pushed  down  (without  breaking  the  air- 
tight joint  above)  thus  immersing  the  zinc  in  the  acid.  By  turning  the 
side  tube  (J)  after  closing  the  valve  at  its  top,  the  outlet  at  (K)  was  opened, 
and  the  hydrogen  evolved  was  forced  through  the  water.  The  bubbles, 
striking  against  the  sheath  afforded  by  the  platinimi  cone,  rolled  up  the 
inside  of  its  surface  and  broke  inside  the  cone.  The  gas  escaping  through 
small  perforations  in  the  platinum  foil  caused  but  very  little  spray.  As 
long  as  the  tubes  (P)  and  (J)  were  closed  at  the  top  there  was  an  excess 
of  pressure  of  hydrogen  within  the  gold  bottle.  Even  if  this,  through 
leakage,  was  momentarily  relieved,  the  gold  test-tube  acted  as  a  trap  to 
prevent  water  from  mixing  with  the  acid,  thus  yielding  accidental  heat  of 
dilution. 

When  the  solution  of  zinc  was  almost  complete,  as  shown  by  the  greatly 
diminished  rate  of  temperature-rise,  the  outlet  (K)  was  closed,  and  the 
valve  at  the  top  of  P  opened,  the  last  trace  of  hydrogen  being  allowed  to 
escape  under  atmospheric  pressure  into  the  air.  The  liquid  within  the  gold 
bottle  was  then  stirred  by  means  of  the  lowered  trap-door,  until  uniform 
*  Richards  and  Rowe,  This  Journal,  42,  1628  (1920). 
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temperature  was  obtained  throughout.  On  dismantling  the  apparatus 
the  water  in  the  calorimeter  was  in  each  case  tested  to  discover  if  any 
acid  had  found  its  way  out  of  the  gold  bottle,  but  none  was  ever  found. 
The  gold  test-tube  never  contained  more  than  a  few  drops  of  liquid  ex- 
cept in  early  cases  of  faulty  manipulation.  The  whole  with  its  contents 
was  weighed  after  each  determination  in  order  to  make  sure  that  no  water 
had  entered  from  outside. 

The  Heat  of  Solution  of  Zinc  in  Concentrated  Hydrochloric  Acid 
Two  preliminary  series,  of  a  few  experiments  each,  were  made  by  dis- 
solving small  amounts  of  zinc  in  acid  in  the  apparatus  thus  assembled. 
They  gave,  within  a  reasonable  limit  of  error,  essentially  the  same  result 
as  the  final  series  but,  having  less  weight  and  adding  little  to  the  out- 
come, they  were  hardly  worth  publication.  They  served  to  perfect  the 
details  of  experimentation  and  also,  by  their  agreement,  showed  that  no 
gross  mistake  had  been  made  in  any  case. 

The  final  series  was  much  more  trustworthy  than  the  earlier  ones  and 
covered  a  greater  range  of  temperattu*e.  Every  experiment  of  this  final 
series  is  included  in  the  table  below.  For  each,  9 .  000  g.  of  zinc  was  taken, 
and  170.00  g.  of  HCI.2OH2O  was  placed  in  the  inner  flask,  quantities 
having  the  ratio  Zn:3.1116  HCI.2OH2O.  This  flask  was  surrounded 
by  934.3  g.  of  water.  The  sum  of  these  three  heat  capacities  is  1079.4. 
From  this  must  be  subtracted  0.5,  half  the  heat  capacity  of  the  moist 
hydrogen  evolved,  which  should  have  been  heated  instead  of  being  al- 
lowed to  escape,'  if  the  method  of  calculating  the  thermal  result  is  rigor- 
ously applied.  Finally,  of  course,  the  heat  capacity  20.50  of  the  appa- 
ratus must  be  added.  This  latter  quantity  was  made  up  as  follows: 
platinum  parts,  6.48;  gold  parts,  5.92;  silver  stirrer,  3.86;  rubber, 
0.81;  thermometer,  3.42.  Thus  the  total  heat  capacity  of  the  system 
was  taken  as  1099.5  cal.ClS"*)//. 

The  experiment,  which  lasted  about  half  an  hour,  was  conducted  by  the 
usual  adiabatic  method.  The  rise  of  temperature  was  so  slow  that  the 
experimenter  could  keep  the  temperature  of  the  environment  very  close 
to  that  of  the  inner  vessel;  it  was  always  kept  0. 01  °  or  0. 02°  above  that 
of  the  calorimeter  proper.'  The  outlets  admitting  the  stirrer-shafts 
were  duly  plugged  with  cotton  wool  to  prevent  evaporation.  If  any  cooling 
from  this  source  took  place,  it  must  have  been  accounted  for  in  the  stirring 
correction,  which  was  carefully  determined  before  and  after  the  experiment. 
Because  of  the  length  of  time  and  of  the  necessity  of  preventing  thermal 
stratification  in  the  calorimeter,  this  correction  was  large,  but  in  the  series 

*  The  first  bubble  was  not  heated  at  all ;  the  last  was  evolved  at  the  final  temperature. 
Hence  the  correction  is  half  the  total  heat  capacity  of  the  moist  hydrogen  under  constant 
pressure. 

•  Ref.  1.  p.  449. 
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given,  it  was  possibly  known  within  0.001®  and  almost  certainly  within 
0.002**.  Therefore  it  did  not  introduce  a  serious  disturbing  element 
The  designations  h  and  h  in  the  table  below  are  respectively  the  initial 
and  final  thermometer  readings  corrected  to  the  standard  6f  the  plati- 
num resistance  thermometer.  The  correction  (never  more  than  0.002'*) 
for  the  temperature  of  the  exposed  stem  of  the  thermometer  is  entered 
with  the  stirring  correction.  The  eight  determinations  of  the  final  series 
showed  a  maximum  range  of  0. 003°  on  each  side  of  the  mean. 

Table  I 
Soi^uTioN  OP  9.000  G.  OF  Zinc  in  Excess  op  HC1.20HiO  (170.00  o.) 

Correction    Corrected 


Sample 

for  stirring 

rise  of 

xpt. 

zinc 

h 

k-ti 

and  stem 

temperature 

•c. 

•C. 

^C. 

•a 

•c 

1 

B 

16.034 

20.161 

4.127 

-0.022 

4.105 

2 

B 

16.943 

20.073 

4.130 

-0.026 

4.104 

3 

B 

16.946 

20.076 

4.130 

-0.023 

4.107 

4 

A 

16.957 

20.082 

4.125 

-0.018 

4.107 

5 

A 

16.989 

20.108 

4.119 

-0.018 

4.101 

6 

B 

16.967 

20.084 

4.117 

-0.012 

4.105 

7 

A 

16.943 

20.069 

4.126 

-0.024 

4.102 

8 

B 

16.936 

20.050 

4.114 

-0.012 

4.102 
4.104 

The  heat  capacity  of  1099.5  Cal.ClS'*)/^*'  was  evidently  heated  through 
4. 104*",  and  the  heat  thus  measured  was  4512.4  CaLClS*").  In  terms  of 
Cal.(20°)  this  is  4514.4. 

For  a  gram  atom  the  heat  of  this  reaction  of  zinc  on  HCl.  20HiO  (56% 
in  excess)  was  32.789  Cal.(20^),  or  137.06  Kj.,  if  one  Cal.(20*')  =  4. 180 
Kj.  Since  the  heat  capacities  of  the  factors  were  used,  the  result  is  the 
isothermal  heat  of  reaction  at  20.09°,  the  average  final  temperature. 

The  temperattue  coeflScient  of  this  reaction  is  easily  computed,  since 
the  Kirchhoff  rule  applies  to  heats  of  reaction  as  well  as  to  total  energy 
changes,  if  consistently  used.  The  increase  of  the  total  heat  capacity 
during  the  reaction  (conducted  isothermally)  is  found  from  increase  of 
heat  capacity  of  the  contents  of  the  inner  flask,  as  follows. 

Heat  capacity  of  acid  and  zinc  =  170 .00  X  0 .849  -f  0 .81  =  145 .  14 

Heat  capacity  of  zinc  sol.  and  (moist  gas)  ^  =  178 .68  X  0 .863  -f  1 .  10 « 155.30 

Gain  -  10.16 

The  very  striking  increase,  10.16,  or  about  7%,  represents  the  gain 
of  heat  capacity  which  occurred  when  9.000  g.  of  zinc  (or  1/7.2633  gram 
atom)  was  dissolved.  For  a  gram  atom  of  zinc  the  corresponding  amount 
is  74  cal.  t  which  (with  negative  sign)  equals  the  temperature  coefiBdent 
of  the  reaction.  Thus  at  20°  the  heat  evolved  under  the  above  conditions 
would  be  32.795  Cal.(20°). 
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Heats  of  Dilution  of  Factors  and  Products 
Since  the  heat  of  the  reaction  Zn  +  2HC1.200H,O  =  ZnCli.400H,O 
+  Hs  was  desired,  it  was  necessary  to  determine  the  heats  of  dilution  of 
the  more  concentrated  add  used  for  dissolving  the  zinc  as  well  as  the  heat 
of  dilution  of  the  product.^  These  heats  of  dilution  were  determined  in 
apparatus  which  has  already  been  described  in  full.'  The  combination 
designated  Ab  was  used,  and  as  arranged  in  these  experiments,  the  appa- 
ratus had  a  heat  capacity  of  15.06  cal./<  units.  In  each  experiment 
125.00  g.  of  solution  was  employed.  The  results  for  the  respective  rises 
of  temperature  follow. 

Tabi^  II 
Dn^uTiON  OF  Hydrochloric  Acid 


Stirring 

k-ii 

No. 

/i 

tt                   correction 

corrected 

•C. 

•C.                      •€. 

•C. 

1 

19.896 

20.054                -0.006 

0.152 

2 

19.898 

20.057                -0.007 

0.152 

3 

19.809 

20.963                -0.001 

0.153 

4 

19.736 

20.890                -0.001 

0.153 

5 

19.750 

20.903                -0.001 

0.152 

6 

19.729 

20.882                -0.001 

0.152 

7 

19.726 

20.879                -0.001 

0.152 
0.1523 

Dilution  of 

Immbdiatb  Product  of  Zinc  Rbaction 

8 

19.588 

20.034                -0.003 

0.443 

9 

19.588 

20.034                -0.003 

0.443 

10 

19.614 

20.058                -0.001 

0.443 

11 

19.609 

20.054                -0.002 

0.443 

12 

19.592 

20.036                 -0.001 

0.443 

0.443 
The  result  with  hydrochloric  acid  is  essentially,  identical  with  that 
found  in  a  previous  research.*    The  calculation  of  the  change  in  heat- 
content  produced  by  the  respective  dilutions  leads  then  to  the  following 
quantities. 

For  pure  add  solution  (15.06  +  126.0  X  0.849  +  1021.6)  0.1523  =  174.04  cal. 
For  add  zinc  solution  (15.06  +  125.0  X  0.863  +  970.2)  0.443=484.2  cal. 

These  values  must  be  multiplied  by  170/125  and  178.68/125,  respec- 
tively/* to  find  the  heats  of  dilution  of  the  amounts  actually  concerned 
in  each  experiment  involving  the  solution  of  zinc  in  acid;  236. 7  and  692. 1, 
respectively,  are  the  results.    To  correspond  with  a  gram  atom  of  zinc, 

^  Ref.  1,  p.  433. 

»  Ref.  2,  p.  1178.  Ref.  4,  pp.  1622. 1626. 

•  Ref.  4,  p.  1631. 

^  The  weight  of  the  product  is  of  course  made  up  of  the  sum  of  the  weights  of  add 
and  zinc  less  the  weight  of  moist  hydrogen  evolved  (170.00  -f  9.00-0.32  =  178.68). 
The  small  amount  (0.051)  of  water  lost  by  evaporation  affects  the  heat  of  dilution 
but  little. 
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these  values  should  each  be  multiplied  by  7.2633,  3rielding  1719  cal.  and 
5027  cal.,  respectively.  Mixing  HCl .  200H«O  and  ZnClj.400HjO  was  found 
in  two  trials  to  evolve  no  appreciable  amount  of  heat. 

One  further  calculation  is  necessary,  namely,  of  the  heat  of  evapora- 
tion of  the  water  carried  away  by  the  hydrogen.  The  average  vapor 
pressure  of  pure  water  between  16*^  and  20®  is  15.63  mm.;  therefore 
(the  average  atmospheric  pressure  during  the  experiments  having  been 
758  mm.)  the  average  volume  of  the  moist  hydrogen  in  each  experiment 

^  .         .  22  A  X  758  X  291. 1  «  __  ,.^  _.         ^  ^,    ^ 

must  have  been  =  3 .  365  liters.    Smce  at  that 

742.5  X  273.1  X  7.2633 

average  temperature  each  liter  of  water  vapor  weighs  15.29  mg.  and  the 
latent  heat  of  evaporation  is  593,  the  evaporation  must  have  needed 
30.5  cal.  For  a  gram  atom  of  zinc  the  quantity  of  heat  absorbed  would 
be  222  cal.ii 

All  the  data  are  now  at  hand  for  the  calculation  of  the  heat  of  the  re- 
action Zn  +  2(HC1.200H2O)  at  20°.  This  calculation  may  be  expressed 
as  follows,  the  semicolon  indicating  a  mixture  of  solutions,  and  all  the 
quantities  being  expressed  on  a  consistent  molal  basis: 

Zn  4-  3.112  (HC1.20.007H,O)=ZnCli.40H,O;    1.112  (HC1.20H,O)  +  H,  -f  0.0207H,O 

(vapor)" -I- 32,796  cal. 
ZnCli.40H,O;   1.112(HC1.20H,O)  -f  560.16H,O=ZnCli.400H,O;   1.112   (HCL200H,0) 

4-  5,027  cal. 
3.112  (HC1.200H,O)  =3.112  (HC1.20H,O)  -f  660.16  H,0- 1,719  cal. 
ZnCl,.400H,O;   1.112    (HC1.200H,O)=ZnCla.400H,b   +    1112    (HC1.200HiO)    *  0 
3.112  (HC1.20H,O)    4-  0.0207  H,0   (liquid)" =3.112  (HC1.20.007H,O)    -f  0.06  cal. 

0.0207  HaO  (vapor)  =0.0207H,O  (liquid  at  18**)"  -|-  222  cal. 
Therefore  Zn  -f  2  HC1.200  H,0 =ZnCl2.400  H,0  -f  (H,)  p  4-  36,326  cal.  (20'»)  or  -f  161.8 

Kj.  (1  Cal.  =4.18  Kj.  at  20°) 

Instead  of  this  value,  36.32  Cal.,  Thomsen  found  34.2  (in  error  largely 
because  his  correction  for  dilution  was  erroneous  in  principle)  and  Rich- 
ards, Rowe  and  Burgess  in  their  preliminary  study  fotmd  36. 6.  The  new 
value  is  doubtless  more  accurate  than  the  older  ones. 

The  value  36.32  Cal.  corresponds  to  the  isothermal  reaction  at  20® 
in  which  the  hydrogen  evolved  is  dry,  a  condition  not  attained  in  practice. 
To  find  the  actual  result  of  the  isothermal  reaction  at  20**  involving  moist 
hydrogen,  the  latent  heat  of  evaporation  of  about  0.42  g.  of  water, 
that  is  to  say,  about  0.25  Cal.,^'  should  be  subtracted,  leaving  36.07 
Cal.  or  150.8  Kj.  as  the  final  result. 

^^  For  a  fuller  discussion  of  this  subject  see  Ref.  1,  pp.  460-462. 

>>  This  quantity  of  water  is  too  small  to  affect  essentially  the  heats  of  dilution. 
It  is  important  only  because  of  its  heat  of  vaporization,  but  is  introduced  in  the  first 
and  fifth  equations  for  the  sake  of  completeness  of  thermochemical  statement. 

"  The  value  0.222  Cal.  given  previously  corresponds  to  the  actual  adiabatic  reaction 
between  16*^  and  20*^.  The  value  0.26  corresponds  to  the  evaporation  from  the  very 
dilute  acid  or  zinc  chloride  solution  at  20*^. 
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The  temperature  coefficient  of  this  reaction  cannot  be  computed  accu- 
rately with  the  data  on  hand,  since  the  heat  of  dilution  of  the  product 
of  the  first  of  these  processes  has  been  determined  accurately  only  at  a 
single  temperatiure.  Probably,  however,  it  is  negative,  and  may  amount 
to  at  least  25  cal.  per  degree,  since  the  product  contains  one  ion  less  than 
the  factors,  and  at  this  concentration  is  probably  less  ionized  than  the 
factors;^*  de  Marignac's  experience  supports  this  conclusion.^'  He  found 
that  ZnCla.  2OOH2O  has  39  less  heat  capacity  than  2  HCl.  IOOH2O,  and  that 
the  difference  with  double  these  concentrations  was  —68.  His  specific 
heat  determinations  were  usually  remarkably  acctu*ate  considering  the 
simple  means  employed.  Oiu:  own  experience  with  a  still  more  concentrated 
acid  solution  (2OH2O)  which  showed  a  difference  of  —73  cal.  per  degree 
is  confirmatory.  The  difference  in  heat  capacity  between  metallic  zinc 
and  hydrogen  is  negUgible  in  this  connection.  Assuming  that  at  infinite 
dilution  the  loss  of  one  gram-ion  would  make  a  difference  of  +  25^'  and 
plotting  the  smooth,  almost  linear  curve  between  this  value  and  the  values 
for  the  two  concentrations  studied  by  de  Marignac,  we  arrive  at  the  value 
of  about  —30  cal.  per  degree  as  the  temperatiu-e  coefficient  of  the  reaction 
of  zinc  on  2  (HCI.2OOH2O).  Until  more  direct  knowledge  is  available, 
this  value  may  be  assumed  as  the  most  reasonable  one. 

The  value  36.32  Cal.  is  the  heat  of  reaction  corrected  for  the  heat  of 
vaporization  of  water  carried  away  by  the  hydrogen,  but  uncorrected  for 
outside  work  done  against  atmospheric  presstu*e  by  the  hydrogen.    This 

A  ^^^]q  Q242  =  0.58  Cal.    The  work  done 
273.1        / 

by  the  small  amount  of  aqueous  vapor  (which  augmented  the  volume  of 
hydrogen  by  about  0.4  liter)  has  already  been  accounted  for  in  the  heat 
of  its  evaporation.  Hence  the  energy  change  (U)  oi  the  reaction  in  ques- 
tion is  found  to  be  36.90  Cal.  or  154.2  Kj. 

With  the  help  of  S.  Tamaru,  cadmium  has  been  studied  in  the  same  way. 
The  result  is  communicated  in  the  following  paper. 

We  gladly  express  oiu*  obligation  to  the  Carnegie  Institution  of  Wash- 
ington as  well  as  to  an  anonymous  benefactor  of  the  Laboratory  for  gen- 
erous financial  support  in  this  investigation. 

Summary 
1.    A  new  apparatus  is  described,  suitable  for  dissolving  substances 

"  Richards  and  Rowe,  This  Journai,,  43, 793  (1921). 

»*  C.  de  Marignac,  "Oevr.  Compl."  Geneva.  II,  624. 

"  Ref.  14,  pp.  793,  795.  This  is  the  most  probable  value  for  the  change  of  heat 
capacity  caused  by  the  simple  subtraction  of  a  single  gram-ion.  Whether  this  same 
change  occurs  when  a  bivalent  ion  takes  the  place  of  two  univalent  ones  is  not  certain, 
since  adequate  data  are  lacking. 
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in  a  comparatively  small  excess  of  liquid  and  providing  a  conveniently 
large  heat  capacity  for  the  reception  of  the  heat. 

2.  With  this  apparatus  the  heat  of  the  reaction  Zn  +  2HC1.200HtO 
=«  ZnClt.400H2O  +  H»  was  found  to  be  36.32  Cal.  (or  151.8  Kj.)  if  the 
hydrogen  is  dry,  and  36. 07, Cal.  (or  150.8  Kj.)  if  the  hydrogen  is  moist, 
at  20^ 

3.  The  total  energy  change  (t/)  of  this  reaction  is  therefore  36.90 
Cal.  (or  154.2  Kj.)  at  20^ 

4.  The  heats  of  dilution  of  factors  and  products  needed  for  the  at- 
tainment of  these  results  were  f otmd  experimentally. 

5.  .  Attention  was  paid  to  numerous  minor  details  which  have  usually 
been  overlooked. 

6.  The  temperattwe  coeflScient  of  the  heat  of  solution  of  zinc  in  cone, 
hydrochloric  add  is  shown  to  be  negative  and  of  considerable  magnitude; 
even  with  dil.  acid  it  probably  amotmts  to  —30  cal.  per  degree. 

CAMBRmcB  38,  Massachusetts 

[Contribution  from  the  Wolcott  Gibbs  Msmoriai«  Laboratory,  Harvard 

University] 

THE  HEAT  OF  SOLUTION  OF  CADMIUM  IN  HYDROCHLORIC 

ACID 

By  Thbodors  W.  Richards  and  Sbtsuro  Tamaru 

Received  March  1.  1022 

The  importance  of  a  revision  of  fundamental  thermochemical  data  with 
modem  acctiracy  has  been  repeatedly  emphasized.  Among  the  metals 
treated  in  an  earlier  preliminary  communication,  cadmium  was  the  least 
satisfactorily  studied,  as  was  pointed  out  at  the  time.^  Considerable 
improvement  in  method,  already  applied  in  the  case  of  zinc,'  was  appli- 
cable likewise  to  the  case  of  cadmium,  with  minor  changes.  The  present 
paper  communicates  the  result  of  work  carried  out  during  the  winter  of 
1914-1915.  The  work  on  zinc  having  been  described  in  detail,  a  briefer 
accoimt  now  suflSces. 

In  order  to  gain  further  experience  with  the  apparatus  and  to  confirm 
its  trustworthiness,  a  few  trials  were  first  made  with  zinc,  repeating  the 
work  described  in  the  previous  paper  just  mentioned,  tmder  somewhat 
different  conditions.  The  last  two  (naturally  the  most  successful)  of 
these  experiments  each  involved  the  solution  of  7.001  g.  of  zinc  in  170.04 
g.  of  HCl.  19. 76H2O  (containing  a  drop  of  dhloroplatinic  acid),  surrounded 
by  943.6  g.  of  water.  The  increments  of  temperature  of  these  two  ex- 
periments were  respectively  3.116®  and  3.113°,  with  all  thermometric 

>  Richards  and  Burgess,  This  Journal,  32,  459  (1910).    Richards,  Rowe  and  Bur- 
gess, ibid.,  p.  1185. 

«  Richards  and  Thorvaldson,  ibid.,  44, 1051  (1922). 
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corrections  applied,  the  final  temperatures  being  20.30°  and  20.43** 
respectively.  The  total  heat  capacity  was.l  103 . 4 ;  and  3 . 1 145  **  X  1 103 . 4 
=  3436.5.  Corrected  for  the  heat  of  depositing  7.5  mg.  of  platinum 
(as  will  be  explained  shortly)  the  result  becomes  3434.  cal.,  which  corre- 
sponds to  0. 1071  gram  atom  of  zinc  and  0.4332  mol.  of  HCl.  19.75H20; 
hence  for  1 .  0000  gram  atom  of  zinc  the  evolution  of  heat  under  these  cir- 
cumstances would  be  32. 064  Cal.  This  output  of  heat  corresponds  to  the 
isothermal  reaction  at  20.36*^.  According  to  the  previous  investigation, 
it  would  be  26  cal,  more  at  20°,  making  32. 090  Cal.  The  heat  of  dilution 
of  the  corresponding  4.045  mol.  of  hydrochloric  acid  is  easily  found  from 
earlier  work ;'  and  that  of  the  resulting  solution  of  zinc  was  duly  determined, 
109.34  g.  of  this  solution  (sp.  heat  =  0.864)  causing  a  rise  of  0.422° 
when  diluted  with  869.0  g.  of  water  in  the  usual  apparatus.  The  total 
dilution-effects  were  thus  shown  to  be  respectively  2.237  and  6.238  Cal. 
for  quantities  corresponding  to  a  gram  atom  of  zinc,  and  the  heat  removed 
by  evaporation  of  the  water  at  18.8°  with  the  hydrogen  must  have  been 
234  cal.  Therefore  the  total  output  of  heat  as  found  in  the  reaction 
Zn  +  2HCI.2OOH2O  =  ZnCl2.400H2O  +  (H,)^  at  20°  would  be  32.090 
+  6.238  -  2.237  +  0.234  =  36.325  Cal.  If  Thorvaldson's  value  for 
the  heat  of  dilution  of  hydrochloric  acid  had  been  used,  the  result  would 
have  become  36 .  335.  These  are  in  as  close  agreement  as  could  be  expected 
with  the  more  thorough  work  of  one  of  us  with  Thorvaldson,  which  gave 
the  value  36. 325.  In  the  present  repetition  less  zinc  was  used,  involving 
a  change  in  every  one  of  the  corrections. 

Such  an  agreement  justified  the  application  of  the  method  to  other  sub- 
stances; and  no  modifications  in  the  apparatus  seemed  to  be  necessary. 
The  only  important  changes  were  the  use  of  more  concentrated  hydro- 
chloric add  and  the  addition  of  a  larger  amount  of  chloroplatinic  acid, 
both  changes  being  necessitated  by  the  lower  solution  tension  of  cadmium. 
The  thermometers  and  their  standardization  were  identical,  and  pre- 
cisely the  same  apparatus  of  gold  and  platinum  was  used  in  the  adiabatic 
calorimeter,  in  essentially  the  same  way.  The  only  change  in  technique 
was  a  decrease  in  the  rate  of  stirring,  which  was  permissible  because  the 
reaction  with  cadmium  was  somewhat  slower  and  the  temperattue  change 
was  much  less.  The  stirring  rate  (about  50  strokes  per  minute)  caused 
a  rise  of  only  0.001°  in  30  minutes  when  the  environment  was  0.01°  to 
0.02°  warmer  than  the  calorimeter.  Perhaps  part  of  the  heat  from 
stirring  was  balanced  by  a  very  small  cooling  effect  from  evaporation. 
In  any  case,  a  net  correction  of  0.002°  per  hoiu:  was  justified  by  the  per- 
formance of  the  apparatus  tmder  the  conditions  employed. 

»  Richards  and  Rowe,  Tms  Journal,  42,  1632  (1920);  43,  786  (1921).  The  heat 
of  dilution  of  HCl.  19.75  H,0  to  HC1.200HjO  would  be  663,  i.  c,  4  cal.  more  than  the 
heat  of  dilution  of  HC1.20  HsO  to  the  same  limit. 
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Once  more  the  effect  of  varying  the  thickness  of  the  air  space,  which 
serves  as  thermal  insulator  around  the  calorimeter,  was  tested  with  tliis 
apparatus.  A  thickness  of  7  mm.  was  fotmd  to  involve  a  transfer  of  0. 008 
cal.  per  minute  per  sq.  cm.  per  1  °  thermal  head.  Enlargement  of  the  space 
to  18  mm.  showed  no  advantage;  restriction  to  4. 5  mm.  raised  the  amount 
of  heat  transferred  to  0. 0096  cal.  This  outcome  is  essentially  in  agree- 
ment with  earUer  tests  of  our  own  and  with  later  work  of  W.  P.  White,  who 
has  made  a  very  thorough  and  careful  study  of  this  matter.* 

The  adjustment  of  temperature  between  the  contents  of  the  gold  bottle 
and  the  sturounding  water  in  the  calorimeter  was  also  tested.  Naturally, 
this  adjustment  was  found  to  be  slow  when  the  contents  of  the  bottle 
were  not  stirred;  but  it  was  completely  accomplished  within  5  minutes 
when  they  were  moderately  agitated.  The  evolution  of  hydrogen  provides 
sufficient  stirring  at  first;  at  the  end  of  the  reaction  the  final  equalization 
of  temperature  was  accomplished  by  stirring  with  the  cap  beneath  the 
stopper,  which  was  lowered  into  the  liquid  of  the  bottle.  Doubtless 
the  hydrogen  rising  through  the  liquid  develops  a  trace  of  heat  through 
friction,  but  this  must  be  so  small  as  to  be  negligible. 

The  specific  heats  of  both  the  hydrochloric  acid  and  the  cadmium  solution  (after  the 
experiment)  were  roughly  determined,  in  the  apparatus  used  in  the  case  of  thallium 
amalgams  *  This  apparatus  was  standardized  by  pure  water.  Exactly  40.00  g.  of  each 
liquid  was  taken  for  each  trial  and  a  definite  potential  was  established  at  the  terminals 
of  the  heating  resistance  for  varying  lengths  of  time,  producing  various  rises  of  tempera- 
ture in  the  several  liquids.  The  averages  of  many  trials  showed  that  480.0  seconds  with 
pure  water  produced  a  rise  of  4.281  °,  360.0  seconds  with  the  cadmium  solution  produced 
a  rise  of  4.167*",  and  390.0  seconds  with  the  hydrochloric  acid  (HCl.lO.OSHjO)  produced 
a  rise  of  4.492*".  Since  the  heat  capacity  of  the  apparatus  was  3.68  cal.  per  degree,  and 
since  the  specific  heat  varies  directly  as  the  time  and  inversely  as  the  temperature  in- 
crement, the  cadmium  solution  evidently  had  a  specific  heat  of  0.745  and  the  hydro- 
chloric add  a  specific  heat  of  0.763.  Although  these  values  do  not  pretend  to  be  very 
exact,  they  serve  the  present  purpose.  The  latter  value  is  consistent  with  earlier  ex- 
periments and  calculations."  The  zinc  chloride  solution  mentioned  early  in  this  paper 
was  similarly  found  to  have  the  specific  heat  0.864.  These  specific  heats  were  used  in 
calculating  the  thermal  output  of  the  appropriate  reactions. 

After  a  few  further  preliminary  trials  with  cadmium,  four  final  deter- 
minations were  made,  in  each  of  which  (on  the  average)  169.73  g.  of  hy- 
drochloric acid  (of  concentration  HCI.IO.O5H2O,  sp.  heat  0.753)  was 
used  in  the  gold  bottle;  11.024  g.  of  piu-e  electroljrtic  cadmium  was 
placed  in  the  stopper  and  later  dissolved  in  the  acid;  0. 3  g.  of  a  solution 
of  chloroplatinic  acid  was  added  in  each  case.  The  flask  was  surrounded 
by  799.93  g.  of  water  in  the  outer  platinum  vessel.  The  platinum  and 
gold  apparatus  and  thermometer  as  before  had  a  total  heat  capacity  of 
20.5  and  the  correction  for  half  the  heat  capacity  of  the  moist  hydrogen 

*  White,  Phys.  Rev.,  7, 682  (1916). 

»  Richards  and  Daniels,  This  Journal,  41,  1732  (1919). 

•  Ref.  3.  p.  1631. 
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evolved  was  JO.  4,  so  that  the  heat  capacity  of  the  system  was  948.7. 
There  were  small  deviations  from  these  values  in  individual  cases,  but  in 
no  case  was  the  deviation  enough  to  produce  a  significant  effect  upon  the 
results.  Even  considerable  variations  would  not  have  vitiated  the  exact 
use  of  the  averages  in  connection  with  average  values  in  the  tables  below. 
The  last  column  of  the  table  gives  the  products  of  the  values  in  the  pre- 
ceding column  multiplied  by  948.7. 


Tablb  I 

Solution  op  11.024  g.  op 

Cadmium  in  189.73  g. 

OP  HCi.lO.OSHaO 

Jxpt 

ti 

ti 

k-ti 

Stirring 
correction 

corrected 

Heat 
evolved 

1 

2 
3 

4 

•c. 
17.929 
18.062 
17.744 
17.450 

•»C. 
19.896 
20.033 
19.708 
19.420 

•c. 
1.967 
1.971 
1.964 
1.970 

1    1    1     1 

o  o  o  o 

»C. 
1.965 
1.970 
1.962 
1,968 

Cal.  (19») 
1,864 
1,869 
1,861 
1,867 

Av. 

19.77 

1.9662 

1.865 

On  the  average  48  mg.  of  platinum  was  deposited  in  each  experiment, 
(0.039  in  the  form  of  powder  as  well  as  0.009  upon  the  gold  vessels,  as 
determined  by  the  increase  in  their  weight).  From  the  value  1,865  cal. 
must  therefore  be  subtracted  18  cal.,  since  it  has  been  shown^  that  every 
gram  atom  of  platinum  precipitated  evolves  in  the  process  73  Cal.  more 
heat  than  the  evolution  of  the  equivalent  amotmt  of  hydrogen.  This 
leaves  1,847  cal.,  corresponding  to  the  given  amount  of  metal,  or  18,832 
cal.  corresponding  to  112.40  g.  (the  gram  atom)  of  cadmium.  In  20 ^^ 
Calories  this  value  becomes  18.838.  This  value,  18.838  Cal.,  is  the 
heat  of  the  main  reaction  concerned:  the  solution  of  cadmium  at  19. 77°  in 
a  fairly  concentrated  acid,  present  in  considerable  excess  (7.956  mol 
per  gram  atom  of  metal).  The  result  is  imcorrected  for  loss  of  heat  from 
evaporation  of  water  and  for  the  work  done  (against  the  atmosphere) 
by  the  moist  hydrogen.  At  20°  it  would  be  18.822  Cal.  (as  explained 
later)  since  the  change  of  heat  capacity  is  71  cal./^°. 

To  find  the  heat  of  reaction  of  cadmium  on  an  exactly  equivalent  amount 
of  hydrochloric  acid  in  dilute  solution,  this  value  just  given  must,  of 
course,  be  corrected  for  the  heats  of  dilution  of  factors  and  products. 
The  heat  of  dilution  of  HCl.  lO.OOHjO  to  2OOH2Q  is  known,  being  1161 
cal.  per  mol.*  The  curve  showing  heats  of  dilution  at  various  concentra- 
tions shows  that  this  quantity  with  moderate  concentrations  is  nearly 
a  simple  linear  fimction  of  the  concentration,'  hence  the  heat  of  the  re- 
action HCI.IO.O5H2O  +  I89.95H2O  =  HCI.2OOH2O  is  1155  cal.  Since 
7 .  956  mols  of  hydrogen  chloride  was  used  per  gram  atom  of  cadmium,  the 

'  Richards  and  Burgess,  Ref.  1,  p.  454. 

•  Richards,  Rowe  and  Burgess,  Ref.  1,  p.  1178. 
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heat  of  dUution  to  be  subtracted  on  this  account  is  7. 956  X  1.155  =  9.189 
Cal. 

With  the  same  apparatus  as  that  used  to  obtain  this  datum,  we  deter- 
mined the  heat  of  dilution  of  the  product  of  the  reaction,  diluting  63.96 
g.  of  the  acid  cadmium  chloride  solution  to  the  equivalent  extent  with 
943. 6  g.  of  water,  in  five  successive  independent  trials.  The  five  experi- 
ments had  final  temperatures  averaging  19.75^  and  3delded  the  values 
0.253^  0.255^  0.253^  0.252^  and  0.254^  averaging  0.2534°,  for  the 
temperature  increment  on  dilution.  The  heat  capacity  of  the  cadmium 
solution  was  47.5  (since  its  specific  heat  had  been  fotmd  to  be  0.745) 
arid  the  apparatus  had  a  capacity  of  15. 1.  Hence  the  total  heat  capacity 
warmed  in  these  dilutions  was  1,006.3  cal.  per  degree;  therefore  the  heat 
evolved  was  0.2550  Cal.  Multiplying  this  result  by  2.821  X  10.196 
to  reduce  to  the  equivalent  of  a  gram  atom  of  cadmium,  the  .heat  value 
for  the  dilution  of  the  total  resulting  solution  containing  exactly  a  gram 
atom  of  cadmium  is  fotmd  to  be  7.336  Cal.  (at  19.75®).  Corrected  to 
20®  this  becomes  7.365  Cal.®  Hence  the  heat  of  reaction  of  cadmium 
on  the  exactly  equivalent  amount  of  HCl.  2OOH2O,  evolving  moist  hydrogen 
tmder  constant  pressure,  would  be  18.822  -  9.189  +  7.365  =  17.00 
Cal,  The  average  heat  of  evaporation  of  the  water  carried  away  by  the 
hydrpgen  between  the  temperature  17. 8®  and  19. 75®  would  be  for  a  gram 
molecule  of  hydrogen  234  cal.  Adding  this  quantity  the  final  expression 
is  obtained. 

Cd  -f  2  Ha.200H,O^CdCl,.400H,O  +  (H,)p  +  17.23  Cal. 

This  result,  17.23,  (72.0  kj.)  is  ahnost  identical  with  that  (17.2)  found 
in  the  preliminary  work.  The  dose  agreement  is  partly  accidental, 
since  the  earlier  result  had  a  large  possible  error.  Bven  the  present  value 
17 .  23  has  a  greater  range  of  possible  experimental  error  than  the  result  with 
zinc,  since  cadmium  requires  moderately  concentrated  hydrochloric  acid 
for  solution,  and  the  hearts  of  dilution  of  factors  and  products  are  therefore 
necessarily  rather  large.  In  the  present  case  an  error  of  0.001®  would 
cause  an  error  of  0. 05%  in  the  main  reaction,  of  0.3%  in  the  heat  of  di- 
lution of  hydrochloric  acid  and  of  0 . 4%  in  the  heat  of  dilution  of  the  product 
of  the  reaction.  If  all  these  errors  should  happen  to  tend  in  the  same  di- 
rection (which  is,  of  course,  unhkely)  the  error  of  the  final  result  would 
be  0.07  Cal.  Thus  when  the  heat  evolved  on  dilution  is  large,  as  in  the 
present  case,  these  temperature  changes  should  be  measured  much  more 
accurately  than  that  of  the  main  reaction.  It  is  hoped  that  the  recent 
gains  in  accturacy  in  thermometric  measurement  may  make  possible 
in  the  near  future  a  closer  evaluation  of  these  quantities,  leading  perhaps 
to  slight  revision  of  the  value  just  given.    For  the  present,  however, 

*  On  the  fairly  safe  asstimption  that  the  change  of  heat  capacity  of  this  solution 
is  nearly  the  same  as  that  of  hydrochloric  add  of  that  concentration.     (See  Ref.  3). 
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this  value  seems  to  be  more  trustworthy  than  any  other  which  has  been 
published  and  therefore,  even  though  somewhat  tentative,  is  worthy  of 
record.  Calculated  to  correspond  strictly  with  the  isothermal  reaction  at 
20®  (the  hydrogen  being  evolved  moist  from  the  very  dilute  add  solution), 
the  value  becomes  16.98. 

Thomsen's  value,  17.6,  was  distinctly  too  large,  whereas  his  value 
for  zinc  was  distinctly  too  small.  This  difference  in  sign  of  the  error 
is  dependent  upon  the  fact  that  although  the  dilution  of  zinc  chloride 
gives  out  much  more  heat  than  the  dilution  of  the  equivalent  concentra- 
tion of  hydrochloric  acid,  on  the  other  hand,  the  dilution  of  cadmium 
chloride  gives  out  less  heat  than  the  dilution  of  the  equivalent  amount 
of  hydrochloric  acid.  The  heats  of  dilution  of  the  metallic  chloride  so- 
lutions were  entirely  overlooked  by  Thomsen. 

The  temperature  coefficient  of  this  heat  of  reaction  cannot  be  exactly 
computed  with  the  data  at  hand.  However,  since  the  heat  capacity  of 
the  contents  of  the  gold  flask  (together  with  the  hydrogen)  increased  about 
7.  cal.  per  degree  during  the  main  reaction,  the  temperature  coefficient 
of  the  heat  of  reaction  of  a  gram  atom  of  cadmium  upon  excess  of  hydro- 
chloric add  (4  times  the  stoichiometric  amount  of  HCLlOHjO)  in  this  way 
must  be  about  —71  cal.  per  degree.  This  is  not  far  horn  the  temperature 
coeffident  of  the  heat  of  the  corresponding  zinc  reaction,  —74  cal.  per 
degree,  although  the  conditions  were  not  exactly  the  same,  the  add  having 
been  less  concentrated  and  in  smaller  excess  in  the  case  of  the  zinc.  Prob- 
ably even  in  dilute  solutions  there  is  a  gain  of  heat  capadty  in  dissolving 
cadmitun  in  hydrochloric  add,  as  in  the  case  of  zinc;  and  theoretical 
condusions  point  to  a  similar  temperature  coeffident  of  the  heat  of  the 
dilute  reaction  amounting,  perhaps  to  about  —30  cal.  per  degree. 

The  correction  for  the  work  done  by  the  hydrogen  evolved  is,  of  course, 
identical  with  that  in  the  case  of  zinc  at  the  same  temperatture.  There- 
fore the  total  energy  change  ([/)  =  17.81  Cal.  or  74.4  kj.  at  20''. 

The  earlier  work  (of  Bturgess  and  one  of  us)  on  magnesium  needs  no 
revision  of  this  kind,  since  the  acid  was  diluted  in  the  first  place;  but  the 
cases  of  iron  and  aluminum  await  ftulher  study. 

We  are  indebted  once  more  to  the  Carnegie  Institution  of  Washington, 
as  well  as  to  an  anonymous  benefactor  of  this  Laboratory,  for  generous 
finandal  support  in  this  investigation. 

Summary 

1.  With  the  apparatus  recently  described  in  the  case  of  zinc,  the  heat 
of  reaction  Cd -f  2HCI.2OOH2O  =  CdCl2.400H2O -f  (Hs)^  is  found 
to  be  17.23  Cal.  (or  72.0  kj.)  at  20'*  if  the  hydrogen  is  dry;  and  16.98 
Cal.  (or  71 . 0  kj.)  if  the  hydrogen  is  moist,  (at  20. 0^  and  760  mm.). 

2.  The  total  energy  change,  LT,  of  the  reaction  is  therefore  17.81  Cal. 
(or  74.4  kj.)  at  20^ 
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3.  The  specific  heats  of  factors  and  products  and  the  heat  of  dilution 
of  the  product  needful  for  the  attainment  of  these  results  were  found 
experimentally. 

4.  The  temperatture  coefficient  of  the  heat  of  solution  of  cadmitmi  in 
cone,  hydrochloric  add  is  shown  to  be  negative,  —71  cal.  per  degree; 
probably  even  with  dilute  acid  it  amounts  to  as  much  as  —30  cal.  per 
degree. 

CAUBRmcB  38,  Massachusetts 

[Contribution  from  thb  Gates  Chemical  Laboratory  of  the  Cai,ifornia  Institute 

OF  Technology,  No.  13] 

THE   CRYSTAL   STRUCTURE   OF  AMMONIUM   FLUOSILICATE 

By  Richard  M.  Bozorth^ 

^    Received  March  22.  1922 

1.    Introduction 

Ammoniimi  fluosilicate,  (NH4)2SiF6,  exists  in  two  crystaUine  forms,* 
cubic  and  hexagonal.  The  cubic  form  is  the  stable  one  at  ordinary  tem- 
peratures, while  the  hexagonal  form  has  been  obtained*  below  5°.  It 
seemed  probable  that  the  cubic  form  has  the  same  structure  as  ammonium 
chloroplatinate  studied  by  Wyckoff  and  Posnjak,*  and  ammonitmi  and 
potassium  chlorostannate  studied  by  Dickinson;'  but  complete  evidence 
of  iso-morphism  was  lacking.  •  It  was  therefore  desirable  to  study  its  crystal 
structure,  not  only  to  determine  whether  it  is  the  same  as  that  of  these 
other  salts,  but  also  to  measure  the  size  of  the  unit  of  structure  and  the 
distances  between  the  centers  of  the  various  atoms. 

Crystals  of  the  fluosilicate  were  prepared  by  the  spontaneous  evapo- 
ration at  room  temperature  of  an  aqueous  solution  containing  an  excess 
of  hydrofluoric  acid. 

The  methods  employed  for  obtaining  the  X-ray  data  and  for  the  in- 
terpretation of  these  data  are  essentially  those  used  by  Wyckoff  and  Pos- 
njak  and  by  Dickinson,  to  whose  articles  reference  may  be  made  for  more 
detailed  information. 

I  wish  to  express  my  thanks  to  Dr.  R.  G.  Dickinson  for  valuable  advice 
during  the  progress  of  this  research. 

2.    Determination  of  the  Size  of  the  Unit-cube  and  the  Number  of 

Molecules  in  It 
Photographs  of  line  spectra  from  the  (111)  face  of  a  crystal  showed 

*  DuPont  Fellow  in  Chemistry. 

'  Groth,  "Chemische  Krystallographie,"  Kngelmann,  Leipzig,  1906,  vol.  1,  p.  485. 

»  Gossner,  Z.  Kryst.  Mineral.,  38, 147  (1904). 

<  Wyckoff  and  Posnjak,  This  Journal,  43, 2292  (1921). 

'  Dickinson,  ibid.,  44,  276  (1922). 

•  Ref.  2,  p.  466. 
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five  orders  of  reflection.  From  the  values  of  the  angles  of  the  reflections 
and  the  density  of  the  salt,  determined  to  be  2.01,  the  smallest  possible 
ntmiber  of  molecules  in  the  unit  of  structure  was  f  oimd  in  the  usual  way 
to  be  4,  as  in  the  other  salts  mentioned  above. 

Table  I  gives  the  angles  of  reflection,  the  orders  of  the  reflections,  and 
the  length  in  Angstrom  units  of  the  imit-cube  based  on  this  conclusion. 
In  calculating  the  number  of  molecules  in  the  unit  and  the  length  of  the 
unit-cube  the  wave  length^  of  the  rhodiiun  ai  line  was  taken  to  be  0. 6121 
Angstrom  imits. 

Tabids  I 

Thb  X-Ray  Rbflections  of  thb  Rhodium  ai  Link  from  thb  (111)  Facb 


Angle  of 

Order  of 

Length  of 

Intensity  of 

reflection 

reflection 

unit-cube 

reflection 

3**  38' 

1 

8.37 

strong 

7**  16' 

2 

8.40 

strong 

10°  56' 

3 

8.38 

medium  weak 

14**  39' 

4 

8.38 

medium  weak 

18**  26' 

6 

8.38 

weak 

From  the  density  8 .37 
Fmal  value    8.38 


3.    The  Laue  Photographic  Data 

Laue  photographs  were  then  taken  with  a  beam  of  X-rays  passing  through 
the  (111)  face,  and  these  photographs  analyzed  by  the  usual  methods. 

The  data  which  were  useful  in  determining  the  positions  of  the  fluorine 
atoms  are  given  in  Table  II.  The  interplanar  distances  and  wave  lengths 
are  expressed  in  Angstroms.  The  smallest  wave  length  calculated  for 
any  spot  on  a  Laue  photograph  was  0. 27  Angstrom  units.  Wave  lengths 
lower  than  0.26  were  considered  to  be  absent  from  the  spectrum. 

Table  II 
Data  prom  the  Laue  Photographs 
Photograph  No.  1.    Photograph  No.  2.  Photograph  No.  3 


Reflecting 
plane 

Inter- 
planar 
distance 

Wave 
length  of 
reflected 
X-rays 

Intensity 

of  spot 

produced 

Wave 
length  of  Intensity 
reflected      of  spot 

X-rays     produced 

Wave 
length  of 
reflected 

X-rays 

Intensity 

of  spot 
produced 

Calculated 

amplitude 

fort* -0.205 

Pirst-Order    Reflections 

(135) 

1.42 

0.40 

0.9 

0.47 

3 

.  . 

1.2 

(531) 

1.42 

0.49 

1.0 

.  . 

1.2 

(335) 

1.28 

0.48 

0.3 

0.50 

0.4 

0.2 

(353) 

1.28 

.  . 

. . 

0 

46 

0.5 

0.2 

(155) 

1.17 

0.62 

1.5 

0.4tf 

4 

. 

, , 

2.8 

(117) 

1.17 

0 

46 

0.6 

0.4 

(535) 

1.09 

0.46 

2.6 

1.8 

(731-) 

1.09 

0.31 

0.0 

0.42 

0.06 

0.5 

(373) 

1.02 

0.47 

0.4 

0.37 

0.4 

1.5 

^  Duane,  Bull.  Nat.  Research  Council,  1,  No.  6  (1920). 
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Tabi«8  II  (oonttnued) 
Photograph  No.  1.    Photograph  No.  2.  Photograph  No.  3 


Inter- 
Reflecting        planar 
plane  distance 


Wave 

length  of  Intensity 

reflected  of  spot 

X-ra3r8  produced 


Wave 
length  of  Intensity 
reflected     of  spot 

X-rays    produced 


(567) 
(359) 
(693) 
(775) 
(l-l-ll) 
(659) 

mi 

(lM-3) 
(lM-5) 

(76«) 
(5-611) 

ff2T) 
(212) 
(123) 
(045) 
(324) 
(350) 


First-Order    Reflections 


0.84 
0.78 
0.78 
0.76 
0.76 
0.73 
0.73 
0.73 
0.69 
0.67 
0.64 

3.42 
2.79 
2.24 
1.68 
1.56 
1.44 


0.46 
0.36 
0.32 
0.50 

0.45 
0.44 
0.46 
0.46 
0.46 
0.44 


0.4 
0.2 
0.1 
0.0 

0.3 

0.1 

0.05 

0.2 

0.1 

0.2 


0.47 
0.40 

0.44 

0.49 
0.41 
0.52 
0.47 
0.41 
0.47 


0.6 
0.3 

0.0 

0.5 
0.1 
0.1 
0.2 
0.1 
0.3 


Wave 

length  of 

reflected 

X-rays 


46 


Second-Order  Reflections 


0.35 
0.45 
0.52 
0.48 


0.4 
0.1 
0.0 
0.5 


0.40 
0.48 
0.41 
0.41 
0.47 
0.41 


0.4 
0.2 
0.9 
0.1 
0.0 
0.6 


46 


Intensity     CalcuUted 

of  spot       amplitttde 

produced  for  m«  0.206 

1.7 

0.9 

0.6 

0.9 

0.0 

0.4 

1.2 

3.0 

0.7 

0.2 

1.8 

1.3 

2.4 

0.3 

0.0 

1.1 

0.5 

0.1 

3.2 

4.    Interpretation  of  the  Data 


The  possible  arrangements  for  ammonium  fluosilicate  permitted  by 
the  theory  of  space  groups  are  those  considered  for  ammonium  chloro- 
platinate  by  Wyckoff  and  Posnjak,  and  for  ammonium  chlorostannate 
by  Dickinson.  The  correct  arrangement  in  this  case  is  the  same  one 
that  they  have  found,  and  can  be  proved  in  the  same  way.  The  intensity 
functions  are  accordingly  of  the  same  form.  ^ 

For  purposes  of  comparing  intensities,  planes  may  be  divided  into  three 

classes,  namely:  (1)  planes  all  of  whose  indices  are  odd;   (2)  planes  having 

two  odd  indices  and  one  even;   (3)  planes  having  one  odd  index  and  two 

even.     Planes  of  Classes  2  and  3  r^ect  only  in  even  orders. 

The  value  of  the  parameter  m,  which  fixes  the  position  of  the  fluorine 

atoms,  was  fijrst  limited  to  the  re- 
gion between  0.19  and  0.25  by 
the  following  method.  It  was  ob- 
served on  the  spectral  photographs 
that  the  fourth-order  reflections 
from  the  (111)  face  were  as  strong 
as  the  third-order  reflections.  It 
was  therefore  concluded  that  the 
fourth-order  amplitude  must  be 
greater  than  the  third-order  ampli- 
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tude.  The  amplitudes  calculated  for  all  five  orders  from  the  (1 1 1)  face  are 
plotted  for  all  distinct  values  of  m  in  Fig.  1 .  The  regions  which  show  a  greater 
fourth-order  than  third-order  amplitude  can  be  noted.    It  was  concluded 


from  Laue  photographic  data  that  (553)  must  have  a  larger  amplitude  than 
(731)  in  the  first  order,  and  (321)  a  larger  amplitude  than  (211)  in  the 
second  order.  The  calculated  amplitudes  of  these  forms  are  plotted  for 
all  distinct  values  of  u  in  Fig.  2. 
It  will  be  seen  from  Figs.  1  and  2 
that  the  only  values  of  u  which  ac- 
count for  these  data  are  those  be- 
tween 0 .  19  and  0 .  25.  To  Hmit  fur- 
ther the  value  of  «  a  plot  was  made 
showing  the  ampUtudes  of  planes 
of  Class  1  for  values  of  u  between 
0.19  and  0.25.  The  original  plot 
included  all  planes  having  an  in- 
terplanar  distance  of  more  than  0 .  64 
Angstrom  units,  which  is  the  inter- 
planar  distance  for  (11  •5-5),  the 
most  complex  plane  observed.  In 
Fig.  3  are  reproduced  only  those 
curves  which  were  most  useful. 
Certain  inequalities  in  ampUtude 
were  established  from  the  Laue 
photographic  data,  and  the  value 
of  u  more  definitely  determined  with 
the  aid  of  the  figure.  For  example, 
smce   (11'51)  >  (971),  u  <  0.218;  Fig.  3. 
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since  (11-51)  >  (975),  u  <  0-211;  since  (711)  <  (533),  u  <  0.218;  since 
(955)  >  (11-51),  w>0.195;  and  since  (971)  ^  (11-31),  «>  0.200.  The 
value  of  M,  therefore,  lies  between  0.200  and  0.208.  The  best  value  is 
considered  to  be  0.205. 

In  calculating  the  ampUtudes  given  in  the  last  column  of  Table  II  it 
has  been  assiuned  that  the  reflecting  power  of  each  atom  is  proportional 
to  its  atomic  mmiber;  but  the  determination  of  u  based  on  the  compari- 
sons that  have  been  made  is  largely  independent  of  this  assumption, 
since  any  reasonable  values  of  the  reflecting  powers  would  lead  to  the  same 
conclusion.  However,  comparisons  between  planes  of  different  classes, 
or  even  between  planes  of  the  same  class  where  at  least  one  of  the  ampli- 
tudes is  small  or  opposite  in  sign  to  the  other,  can  be  made  properly  only 
with  a  good  knowledge  of  reflecting  powers.  In  view  of  these  limitations 
all  the  comparisons  which  have  been  properly  made  are  satisfied  remarkably 
well  when  u  =  0. 205.  Many  of  these  comparisons  may  be  made  with  the 
data  of  Table  II,  using  the  calculated  amplitudes  given  in  the  last  column. 

5.  Conclusions  as  to  the  Structure 
Summary 
The  crystal  structure  of  ammonium  fluosilicate  has  been  shown  to  be 
like  that  of  ammoniiun  chloroplatinate,  ammoniiun  and  potassium 
chlorostannates,  namely  the  structure  is  that*  of  calciiun  fluoride,  CaFj, 
in  which  each  fluorine  atom  is  replaced  by  an  ammoniiun  group,  and  each 
calcium  atom  by  a  fluosilicate  group  with  the  6  fluorine  atoms  equidistant 
from  the  silicon  atom  in  the  directions  of  the  axes  of  the  crystal.  The 
length  of  the  cube  constituting  the  imit  of  structiwe  containing  4  mole- 
cules was  found  to  be  8.38  Angstrom  units;  the  corresponding  lengths 
for  the  three  other  complex  salts  just  mentioned  are  9.84  for  ammonium 
chloroplatinate,  10.05  for  ammonium  chlorostannate,  and  9.96  for  po- 
tassiiun  chlorostannate.  The  shortest  distance  between  the  centers  of 
the  atoms  of  fluorine  and  silicon  is  1 .  72  Angstrom  imits,  while  the  sum 
of  the  Bragg  radii^  for  these  atoms  is  1 .  84.  The  corresponding  distances 
between  the  platinum  or  tin  and  the  chlorine  atoms  in  the  other  three 
salts  are  2.3  Angstrom  imits  for  ammonium  chloroplatinate,  2.46  for 
ammoniiun  chlorostannate  and  2.44  for  potassium  chlorostannate. 
Pasadbna,  Caufornia 


8  See  W.  H.  and  W.  L.  Bragg,  "X-Rays  and  Crystal  Structure,"  G.  Bell  and  Sons, 
Ltd..  Ivondon,  1916,  p.  107. 

•  W.  L.  Bragg,  Phil.  Mag.,  40,  180  (1920). 
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NOTES 

A  Cell  for  the  Observation  of  Colloidal  Solutions  for  Use  with  Sub- 
stage  Xntra-condensers. — In  laboratories  where  an  ultramicroscope 
of  the  Siedentopf  and  Zsigmondy  type  is  not  available,  one  of  the  various 
types  of  substage  dark  field  condensers,  such  as  the  paraboloid  or  car- 
dioid,  is  usually  employed  for  the  examination  of  colloids. 

It  has  been  stated  that  such  a  means  of  ultramicroscopic  observation 
is  useless  for  direct  quantitative  work.^ 

Burton*  has,  however,  shown  how  a  hemacytometer  sUde  may  be  used 
for  the  estimation  of  the  niunber  of  particles  in  a  colloidal  solution. 

The  method  has  the  inconvenience  that  it  is  necessary  to  remove  the 
slide  and  to  readjust  the  optical  arrangement  in  order  to  examine  a  fresh 
sample  of  solution.    Extended  counts  become,  therefore,  somewhat  tedious. 

An  apparatus  has  been  constructed  by  means  of  which  a  series  of  solu- 
tions or  of  samples  of  the  same  solution  may  be  passed  through  the  cell 
without  disttu-bing  the  adjustment. 

The  apparatus  which  is  shown  in  plan  and  section  in  the  figure  consists 
principally  of  a  brass  block  A  which  is  bored  at  points  diametrically 
opposite  to  receive  two  cop- 
per tubes  of  about  2  mm. 
internal  diameter.  The  tubes 
fit  closely  into  the  holes  and 
are  fiuther  held  by  externally 
soldering.  To  the  bottom  of 
the  brass  block,  which  is 
ground  perfectly  flat,  is  ce- 
mented a  carefully  selected 
cover  glass  B.  The  writer 
used  Canada  balsam,  though 
this  is  not  an  ideal  cement  to 
imite  metal  to  glass.  What- 
ever cement  is  used,  the  glass 
must  approach  closely  and 
imiformly  to  the  brass  to  ensure  that  the  lower  surface  of  the  glass  is 
perfectly  flat. 

When  the  cover  glass  is  cemented  in  position,  two  holes  are  bored  through 
it  to  meet  the  holes  in  the  brass  block.  This  is  a  very  easy  operation  if 
a  piece  of  wood  through  which  are  bored  two  holes  of  the  desired  diameter 
and  position  is  temporarily  cemented  to  the  glass  with  some  water-soluble 
cement  such  as  ordinary  glue.  The  holes  are  bored  by  means  of  a  copper 
tube  charged  at  the  end  with  carborundum  and  glycerine,  the  tube  ro- 

1  King,  "Third  Rep.  Brit.  Assoc.  CoUoid  Chemistry/'  p.  36. 

*  Burton,  "Physical  Properties  of  Colloidal  Solutions/*  1921,  p.  124. 

Digitized  by  VjOOQ IC 


1072  NOTES 

tating  in  the  wooden  block  which  can  afterwards  be  removed  by  soaking 
in  water. 

It  will  thus  be  seen  that  the  arrangement  has  the  advantage  of  a  re- 
inforced cover  glass  and  as  both  surfaces  of  cover  glass  and  slide  are  flat 
it  will  be  found  imnecessary  to  cement  the  two  together.  The  apparatus 
is  held  in  position  on  the  sUde,  while  being  fixed  in  the  microscope  by  two 
lumps  of  plasticine,  one  on  each  copper  tube,  and  is  further  held  in  position 
by  the  spring  clips  of  the  microscope  stage  which  press  on  the  tubes. 

To  the  copper  tubes  are  aflSxed  a  delivery  funnel  with  a  clip  and  an  exit 
tube. 

By  opening  the  dip  it  will  be  found  that  the  colloid  solution  passes 
through  the  cell.  Since  the  hemacytometer  slides  contain  a  channel 
round  the  central  portion,  it  was  at  first  feared  that  the  solution  might 
go  round  this  channel  instead  of  over  the  graduated  portion.  By  ob- 
serving the  motion  through  the  microscope,  it  can  be  seen  that  this  is  not 
the  case. 

Moreover,  it  can  be  very  easily  seen  when  the  liquid  is  running  through  the 
cell  whether  any  particles  are  stuck  to  the  bottom  of  the  cell  or  on  the  cover 
glass.  This  is  an  important  advantage,  as  such  particles,  which  may 
be  of  foreign  matter,  may  constitute  a  serious  source  of  error  in  counting 
the  number  of  particles  in  a  solution. 

It  would  be  an  additional  advantage  to  gold-plate  the  whole  of  the  metal 
portion. 

Finally  it  may  be  stated  that  it"  is  easy  to  obtain  such  hemacytometer 
slides  of  any  specified  thickness  to  suit  the  particular  ultra-condenser, 
and  of  any  desired  depth  of  cell.  The  writer  has  used  slides  of  thickness 
1 . 1  to  1 . 2  mm.  to  suit  a  Zeiss  Paraboloid,  and  of  depth  0. 1  mm.  and  0.02 
mm.  made  by  Messrs.  Hawksley  of  London. 

FrQD  FAmBROTHKR 
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Instability  of  Phthalate  Potentials.— The  note  by  Oakes  and  Salis- 
biuy  on  the  instability  of  phthalate  potentials,  an  instability  which  seems 
to  have  been  observed  by  Merrill,  is  completely  at  variance  with  the 
author's  experience.  In  the  course  of  several  years*  work  with  the  hydrogen 
electrode,  0.05  M  potassiiun  hydrogen  phthalate  solutions  have  been 
used  as  a  ** working  standard"  and  have  given  no  evidence  of  instability 
which  could  be  considered  convincing.  It  goes  without  saying  that  among 
hundreds  of  measurements  there  have  occurred  occasional  potentials  which 
could  justly  be  called  abnormal.  Once  on  leaving  an  electrode,  having  an 
exceptionally  light  coating  of  iridium,  in  contact  with  a  phthalate  so- 
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lution,  the  potential  drifted  in  a  direction  opposite  to  that  noted  by  Oakes 
and  Salisbury  and  entirely  out  of  the  range  of  any  possible  hydrogen- 
ion  concentration.  Indicator  measurements  showed  that  no  significant 
change  in  Sorensen  value  had  taken  place  in  the  solution.  However, 
the  electrode  had  tinned  bright.  Occasionally,  "abnormar*  potentials, 
suggesting  a  change  of  about  0.05  Sorensen  units,  have  been  noted. 

Since  the  method  used  in  almost  every  case  permits  the  rapid  attain- 
ment of  equiUbriiun,  it  might  be  assiuned  that  the  period  of  the  experi- 
ment was  in  no  case  sufficient  to  have  detected  drifts.  However,  Oakes 
and  Salisbiuy  record  a  rate  of  drift  which  would  at  once  have  been  detected 
in  the  author's  apparatus. 

With  the  suspicion  that  previous  observations  might  have  been  clouded 
by  a  slow  and  undetected  drift  where  Oakes  and  Salisbiuy  encountered 
a  rapid  one,  I  have  recently  set  up  an  outfit  not  designed  for  accurate 
control  of  Uquid-junction  potential  differences  but  better  adapted  for 
observations  over  long  periods  than  the  shaking  electrode  vessel.  Dupli- 
cate vessels  were  used,  holding  in  on^  case  an  electrode  of  iridium  gray 
on  gold-plated  platinum  and  in  the  other  case  two  electrodes,  one  of 
platimun  black  on  gold-plated  platintun  and  the  second  of  palladium 
black  on  rhotanium  alloy.  The  drifts  over  24  hours  were  within  one  milli- 
volt. For  the  last  18  hotus  no  drift  amounting  to  more  than  0.000,05 
volt  (the  limit  of  the  potentiometer's  adjustment)  was  detected.  No  change 
in  the  Sorensen  value  of  the  solution  was  detected  with  indicators. 

I  am  at  a  loss  to  accoimt  for  the  radical  difference  in  my  observations 
and  those  of  Oakes  and  Salisbury,  and  must  say  that  after  several  years* 
use  by  others  phthalate  has  not  to  my  knowledge  fallen  imder  suspicion 
in  the  manner  noted  by  Oakes  and  Salisbiuy. 

WAsmNGTON,  D.  C.  Wm.  MansfieivD  Clark 

Received    Feb.  18,  1922  
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SYNTHESES  IN  THE  CINCHONA  SERIES.    VH.    S,8-DIAMIN0- 
DIHYDROQUmiNE  AND  5,8-DIAMINO-6-METHOXYQUINOLINE 
AND     THEIR    CONVERSION    INTO     THE     CORRESPONDING 
AMINOHYDROXY  AND  DIHYDROXY  BASES  ^ 

By  Walter  A.  Jacobs  and  Michael  Heidelberger 

Received  July  22,  1921 

In  a  former  communication^  amino-azo  dyes  prepared  from  5-amino- 
dihydroqiiinine  and  the  analogous  5-amino-6-methoxyquinoline  were 
described.  These  substances  were  shown  to  be  easily  converted  by  acids 
into  the  corresponding  hydroxyazo  dyes.     By  reduction  of  8-(/?-sulfo- 

*  Presented  at  the  Annual  Meeting  of  the  American  Chemical  Society,  New  York, 
September.  1921. 

« Tms  Journal,  42, 2278  (1920).  ^  t 
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phenylazoj-dihydroquinine  we  have  now  prepared  5,8-diamino-dihydro- 
quinine.  The  base  itself  is  a  yellow  amorphous  powder  which  crystal- 
lizes with  great  difficulty  and  rapidly  undergoes  alteration  on  exposure 
to  light  a|id  air.  Like  5-amino-quinoUne,  it  dissolves  in  dilute  acids  to 
form'  red  solutions  and  yields  crystalline  salts  of  which  the  vermilion 
tetrahydrobromide  and  the  brown  basic  sulfate  have  been  studied. 

As  in  the  parent  amino-azo  dyes,  it  was  not  surprising  to  find  the  amino 
group  here  also  easily  replaceable  by  hydroxyl.  In  fact,  this  occurs  so 
readily  that  it  was  at  first  foimd  difficult  to  select  conditions  for  the  iso- 
lation of  the  polyacid  salts.  Lability,  however,  was  not  confined 
to  the  amino  group  in  Position  5,  but  was  shown  also  by  that  in  Position 
8,  for  on  long  standing  in  the  cold  or  on  boiling  with  1:1  hydrochloric 
acid  5,8-dihydroxy-dihydroquinine  was  formed.  This  substance  was  iso- 
lated as  the  beautifully  crystalline  red  dihydrochloride  which  forms  orange- 
red  solutions.  The  instability  of  the  free  base  prevented  its  isolation  in 
crystalline  form. 

From  niunerous  tests  that  were  made,  the  impression  was  gained  that 
the  amino  group  in  Position  5  was  the  more  readily  replaced  and  that 
8-aniino-5-hydroxy-dihydroquinine  was  formed  as  an  intermediate  product. 
Unfortimately,  the  isolation  of  this  substance  from  the  reaction  mixture 
was  rendered  very  difficult  by  its  properties.  We  have,  however,  obtained 
indirect  evidence  of  its  formation  by  a  parallel  study  of  the  effect  of  acids 
on  diamino-methoxyqtiinoline  as  described  below.  5-Hydroxy-8-amino- 
dihydroquinine  was,  however,  obtained  directly  as  a  tin  double  salt  by 
reduction  of  5-hydroxy-8-phenylazo-dihydroquinine;'  but  the  instability 
of  the  free  aminophenol  and  the  solubility  of  its  simple  salts  prevented 
their  isolation  and  study.  Like  the  preceding  compounds,  solutions 
of  the  latter  are  orange-red. 

By  boiling  diamino-dihydroquinine  with  cone,  hydrobromic  add, 
which  should  demethylate  as  well  as  desaminate  it,  yellow  needles 
of  an  easily  soluble  hydrobromide  of  what  is  probably  the  5,6,8-trihy- 
droxy  dihydrobromide  were  obtained  mixed  with  ammonium  bromide, 
but  other  work  intervened  to  prevent  its  further  study.  We  hope  to 
complete  this  study  at  a  later  date,  as  well  as  the  alkylation  of  the  di- 
and  trihydroxy-dihydroquinines. 

Parallel  with  the  above  studies,  5,8-diamino-6-methoxyquinoline  was 
prepared  from  the  corresponding  sulfo-phenylazo  dye.  The  latter  was 
also  converted  into  the  5-hydroxy-8-phenylazo  dye,  from  which  8-amino- 
5-hydroxy-6-methoxyquinoline  was  obtained  on  reduction.  On  warm- 
ing diamino-methoxyquinoline  with  10%  hydrochloric  acid,  it  was  possible 
to  isolate  as  the  main  product  of  the  reaction  an  amino  hydroxy  compound 
identical  with  that  of  known  composition  obtained  from  the  above  hy- 
»  Ref .  2.  p.  2280. 
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droxyazo  dye.  From  this  it  is  evident  that  the  amino  group  in  Position 
5  is  more  labile  than  that  in  Position  8. 

Finally,  by  boiling  the  diamino  compound  with  stronger  hydrochloric 
add  both  amino  groups  were  replaced,  with  the  production  of  5,8-dihy- 
droxy-6-methoxyquinoline. 

The  quinoline  compounds  proved  to  be  more  stable  than  the  dihydro- 
quinine  derivatives  and  were  readily  obtained  in  crystalline  form. 

It  was  also  of  interest  to  determine  whether  the  methoxy  group  in 
Position  6  contributed  to  the  labiUty  of  these  amino  groups,  since  it  had 
been  already  ascertained  in  oiu:  previous  work  with  the  amino-azo  dyes  that 
those  obtained  from  5-aminoquinoline  itself  were  much  more  resistant  to  the 
action  of  acids  than  the  6-methoxy  compounds.  5,8-Diaminoquinoline 
proved  to  be  even  more  resistant  than  its  parent  azo  dye,  since  boiling  it  for 
many  hours  with  hydrochloric  acid  resulted  in  the  cleavage  of  but  a  trace 
of  ammonia.  The  substitution  of  Position  6  in  these  compounds  is  there- 
fore a  determining  factor  as  regards  the  replaceability  of  the  amino  group 
by  hydroxyl  by  the  action  of  boiling  acids. 

A.    Derivatives  of  Dihydroquinine 

5,8-Diainino-dihydroquinine. — Sixteen  g.  of  5-amino-8-(/>-sulfo-phenylazo)-di-hy- 
droquinine*  were  dissolved  in  80  cc.  of  50%  acetic  acid  and  treated  with  16  g.  of  stannous 
chloride  in  50  cc.  of  1 :1  hydrochloric  acid.  A  gelatinous  mass  of  the  tin  compound  of  the 
unreduced  dye  was  first  formed,  and  this  was  rapidly  dissolved  as  it  was  stirred  and  the 
reduction  proceeded.  The  mixture  warmed  considerably  and  changed  to  a  deep 
brownish-red  solution  from  which  the  yellow  tin  double  salt  of  the  diamino  compound 
commenced  to  separate.  The  mixture  was  diluted  with  water  and  poured  into  ice  and 
an  excess  of  alkali,  the  diamino-dihydroquinine  precipitating  as  yellow  flocks.  The 
collected  precipitate  was  washed  thoroughly  with  water,  during  which  the  exposed  portion 
darkened  perceptibly.  Dried  in  a  desiccator  it  formed  a  tan  colored  friable  mass.  The 
crude  product  was  dissolved  in  a  small  volume  of  benzene,  and  the  deep  brown-olive 
solution  cleared  with  bone  black  and  filtered  as  quickly  as  possible.  The  deeply  colored 
filtrate  was  treated  with  ligroin  in  amount  sufficient  to  precipitate  the  product  as  a 
brown  paste  which  rapidly  hardened  to  a  brittle  mass.  This  was  filtered  quickly,  washed 
.  with  ligroin  and  dried  in  a  desiccator  containing  paraffin,  during  which  it  lightened  in 
color  to  a  brown-yellow  shade.  The  yield  was  8  g.  On  exposture  to  light  and  air  the 
base  gradually  darkened.  All  attempts  to  crystallize  the  amorphous  substance  have 
proved  futile,  except  in  one  case  in  which  we  observed  that  during  the  collection  of  the 
base  from  the  benzene  and  ligroin  mixttu-e,  the  mother  liquor  slowly  deposited  more  of 
the  substance  which  appeared  under  the  microscope  as  minute  yellow  needles.  These 
possessed  all  the  properties  of  the  former  product  with  the  exception  of  the  melting 
point  but,  unfortunately,  the  amount  was  too  small  for  analysis  and  its  use  as  seeding 
material  in  attempts  to  crystallize'  the  amorphous  base  was  without  result. 

The  amorphous  base  darkens  above  90°,  gradually  shrinks  together  and  melts 
from  125®  to  140**  with  decomposition.  The  crystalline  material,  however,  melted  at  85 
to  90®  to  a  dark  tar.  The  amorphous  base  is  easily  soluble  in  the  usual  organic  solvents 
except  ligroin,  forming  dark  brownish-red  solutions.  In  dilute  acids  it  forms  deep 
brown-red  solutions  which,  on  standing  or  more  rapidly  on  heating,  no  longer  give  a 

*  Ref .  2,  p.  2281. 
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precipitate  of  the  base  when  treated  with  an  excess  of  alkali,  but  yield  solutions 
which  smell  strongly  of  ammonia. 

Analyses.  Calc.  for  CJIasOaN*:  C,  67.40;  H,  7.86;  N,  15.71.  Found:  C,  68.00; 
H,  7.82;  N,  15.59. 

The  Tetrahydrobromidb. — The  amino-azo  dye  was  also  readily  reduced  to  the 
diamino  base  as  follows.  Five  and  a  half  g.  of  the  dye  were  dissolved  in  a  mixture  of 
56  cc.  of  alcohol  and  55  cc.  of  cone,  ammonia,  and  the  deep  red  solution  was  saturated 
with  hydrogen  sulfide.  The  color  changed  to  a  deep  yellow-brown  and,  as  the  base  did 
not  separate,  the  mixture  was  poured  into  a  separatory  funnel,  shaken  with  ether,  and 
then  without  removing  the  ether  an  excess  of  ammonia  was  added  and  the  mixture  again 
shaken.  This  procedure  removed  free  hydrogen  sulfide  and  avoided  the  formation  of 
pasty  lumps  of  the  base  which  are  difficult  to  disintegrate  and  dissolve.  After  drying 
the  ether  extract  and  concentrating,  the  base  was  left  as  a  dark  syrup.  On  dissolving 
this  in  a  small  volume  of  cold  water  and  sufficient  cold  hydrobromic  add  to  make  the 
solution  acid  to  congo  red,  the  addition  of  sodium  bromide  accompanied  by  rubbing 
caused  6  g.  of  lustrous  golden  scales  to  separate.  These  were  filtered  off  and  washed 
with  acetone,  the  color  changing  to  an  orange-red.  A  solution  of  the  salt  in  12  cc,  of 
warm  water  was  cooled  and  treated  with  sufficient  strong  hydrobromic  add  to  cause 
crystallization.  The  salt  separated  slowly  as  vermilion  needles  and  prisms  which  were 
air-dried.  It  is  easily  soluble  in  water  and  in  alcohol,  forming  deep  red  solutions.  .  The 
analytical  results  were  not  all  that  could  be  desired,  but  with  a  substance  so  sensitive 
to  the  action  of  adds  and  so  easily  hydrolyzed  we  were  unable  to  improve  upon  them. 

Analyses.  Calc.  for  CsoH»OiN4.4HBr:  N,  8.24;  Br,  47.04.  Found,  au--dry:  N. 
8.00;  Br,  49.29.    Salt  dried  in  desiccator  over  HaS04:  N,  8.47;  Br,  41.80. 

The  Sulfate. — The  brown-red  ether  extract  of  the  base  obtained  by  the  reduction 
of  16  g.  of  dye  by  dther  method  was  washed  with  water  and  then  shaken  out  with  50  cc 
of  N  acetic  acid.  The  deep  brown-red  aqueous  layer  was  filtered  rapidly  and  treated 
with  saturated  ammonium  sulfate  solution.  On  rubbing,  the  sulfate  crystallized  as 
a  yellow-brown  powder  consisting  of  microscopic  6-sided  polyhedra,  while  the 
mother  liquor  retained  dark  impurities.  The  yidd  was  excellent.  The  salt  was  washed 
with  ice  water  and  recrystallized  in  small  portions  by  dissolving  it  in  hot  water  and  add- 
ing a  little  ammonium  sulfate  solution  to  the  dark  ydlow-brown  solution.  When  cooled 
and  rubbed  the  solution  deposited  the  salt  as  a  brown  powder  consisting  of  globules  or 
hexagonal  crystals  which  darken  rapidly  and  undergo  decomposition.  The  anhjrdrous 
substance  darkens  above  160  **  and  mdts  and  decomposes  at  220-225°. 

Although  the  salt  is  obtained  from  an  add  solution,  it  is  rather  surprising  that, 
judged  by  analytical  data,  the  substance  is  a  basic  sulfate. 

In  the  analysis  of  the  substance,  water  was  determined  by  drying  it  over  sulfuric 
add  at  room  temperatiu*e,  and  sulfur  by  the  Carius  method. 

Analyses.  Calc.  for  (CioHm08N4)2.H2S04.5H,0  :  H,0,  10.00.  Found:  HjO,  10.68. 
Calc.  for  (C2oHm02N4)i.H,S04:  C,  59.22;  H,  7.16;  N,  13.82;  S,  3.96.  Found:  C,  58.50; 
H,  7.21;N,  13.87;  S,  4.35. 

S-Hydrozy-S-amino-dihydroquinine  (tin  double  salt). — Fourteen  and  a  half  g. 
of  5-hydroxy-8-phenylazo-dihydroquinine'  were  dissolved  in  100  cc.  of  alcohol  by  the 
addition  of  a  few  cubic  centimeters  of  acetic  acid,  warmed,  shaken  vigorously  and  treated 
as  quickly  as  possible  with  a  warm  solution  of  18  g.  of  stannous  chloride  in  100  cc.  of  10% 
hydrochloric  acid.  The  thick  paste  which  first  formed  dissolved  rapidly  as  the  reduction 
proceeded,  giving  a  deep  red  solution  from  which  a  good  yield  of  the  tin  double  salt  of  the 
aminophenol  quickly  separated  as  lustrous  golden-yellow  needles  and  leaflets.  These 
were  filtered,  washed  with  10%  hydrochloric  add,  and  recrystallized  from  50%  acetic 
add,  from  which  the  salt  separated  in  the  same  form.    The  substance  was  dried  in  a 
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desiccator  over  sulfuric  add  and  sodium  hydroxide.  The  salt  daricens  above  200**, 
but  does  not  melt  when  heated  to  280".  It  is  fairly  soluble  in  water  or  dilute  alcohol, 
especially  on  warming,  yielding  orange-red  solutions.  It  is  practically  insoluble  in  alcohol 
or  acetone.  It  dissolves  in  alkali,  forming  a  clear,  light  brown  solution  which  deposits 
light  colored  flocks  on  standing.  Ferric  chloride,  added  to  the  aqueous  solution,  gives  a 
light  green  color  changing  to  a  deep  emerald  green  when  sodium  acetate  is  added. 

Analyses.  Calc.  for  C,oHrO,N,.2HCl.SnCl4:  C,  34.74;  H,  4.24;  N,  6.08.  Found: 
C,  35.55;  H,  4.47;  N,  6.13. 

When  an  aqueous  suspension  of  the  tin  double  salt  was  decomposed  with  hydrogen 
sulfide  the  filtrate  consisted  of  a  red  solution  of  the  aminophenol  hydrochloride. 
Attempts  made  to  obtain  the  crystalline  salt  failed  since  this  proved  too  soluble 
for  isolation,  and  manipulation  was  rendered  difficult  by  the  ease  with  which  the 
amino  group  was  replaced  by  hydroxyl  under  the  influence  of  acid.  In  a  number  of 
instances,  in  which  the  solution  stood  for  a  long  time  in  the  refrigerator,  a  well-defined 
hydrochloride  crystallized,  but  analysis  showed  this  salt  to  be  the  dihydrochloride  of 
dihydroxy-dihydroquinine.  Likewise  all  attempts  to  obtain  the  free  base  were  un- 
successful because  of  its  instability. 

5,8-Dihydrozy-dihydroqulnine  Dihydrochloride. — Diamino-dihydroquinine  obtained 
from  24  g.  of  the  />-sulfo-phenylazo  dye  was  boiled  with  5  parts  of  1 :1  hydrochloric  add 
for  3  hours,  and  the  resulting  deep  red  solution  concentrated  to  smaller  volume  and 
chilled,  rosets  of  red  silky  needles  soon  filling  the  liquid.  The  salt,  washed  with  10% 
hydrochloric  acid,  was  recrystallized  from  this  solvent  and  formed  rosets  of  vermilion 
needles  which  were  collected,  washed  with  10%  hydrochloric  acid,  and  air-dried. 
The  yield  was  5.5  g.  The  salt  is  easily  soluble  in  water  or  alcohol,  forming  an  orange-red 
solution.  It  is  less  soluble  in  dil.  hydrochloric  acid  or  in  salt  solution,  and  insoluble  in 
acetone.  When  anhydrous,  it  decomposes  at  208-211°.  Sodium  carbonate  and  dil. 
aqueous  ammonia  added  to  its  solution  precipitate  the  free  base  as  yellow  amorphous 
flocks  which  rapidly  ttun  green  on  exposure  to  air  and  finally  become  brown.  It  is 
soluble  in  alkali  and  excess  of  ammonia  to  form  brown  solutions  which  gradually  deepen 
in  color.  Ferric  chloride  gives  a  light  brown  color  which  changes  to  a  brown-olive 
when  sodium  acetate  is  added.  The  addition  of  hydrobromic  acid  or  sodium  bromide  to 
the  solution  of  the  salt  causes  the  separation  of  the  hydrobromide  as  rosets  of  flat,  red 
needles. 

The  salt  was  also  obtained  when  add  solutions  of  amino-hydroxy-dihydroquinine 
were  allowed  to  stand  for  a  long  time. 

Analyses.  Calc.  for  CoH„04Nf.2HC1.4H,0  :  HA  14.31.  Found:  H,0,  15.10. 
Calc.  for  CoHM04Nf.2HCl :  N,  6.49;  CI,  16.43.    Found:  N,  6.67;  CI,  16.25. 

Because  of  the  instability  of  the  free  base  we  have  been  tmable  to  obtain  it  in 
erjrstalline  form. 

B.    Quinoline  Derivatives 

5-Amino-6-methozy-8-(^8ulfo-pbenylazo)quinoline. — Diazotized  sulfanilic  acid 
was  coupled  in  the  usual  way  with  5-amino-6-methoxyquinoline^  in  dil.  acetic  acid 
containing  suffident  sodium  acetate  to  act  as  buffer.  A  deep  purple  solution  formed, 
accompanied  by  a  tar  which  crystallized  when  alcohol  was  added.  When  dissolved  in 
50%  alcohol  with  the  aid  of  ammonia,  and  heated,  re-addifying  the  solution  with  acetic 
add,  the  add  separated  as  flat,  brown,  microscopic  needles  which  did  not  mdt  when 
heated  to  295".  It  is  almost  insoluble  in  the  usual  neutral  solvents.  The  solution  in 
dil.  alkali  is  orange-red,  and  purple  in  dil.  acids,  while  in  cone,  sulfuric  acid  it  gives  a  red 
solution  which  appears  purple  in  thin  layers. 

*  Ref .  2,  p.  2285. 
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Analysis.    Calc.  for  CioH,404N4S  :  N,  15.63.     Found:  N,  16.04. 

5,8-Diainino-6-methoz7qttinoliiie. — Thirty-two  g.  of  the  sulfo-phenylazo  dye  dis- 
solved in  300  cc.  of  10%  ammonia  were  saturated  with  hydrogen  sulfide.  Decolorization 
occurred  rapidly,  with  deposition  of  crystals  of  the  deep  olive-brown  diamino  base. 
The  mixture  was  made  distinctly  ammoniacal,  filtered,  and  washed  with  water.  The 
yield  was  15  g.  Extraction  of  the  mother  liquor  with  ether  gave  an  additional  gram. 
Recrystallization  from  toluene  with  the  addition  of  bone  black  gave  lustrous  golden 
leaflets  which  are  fairly  stable  when  pure,  but  gradually  turn  olive  colored  when  moist, 
due  to  oxidation.  When  rapidly  heated,  the  base  darkens  above  155°,  sinters,  and  then 
melts  at  163-164°  to  form  a  dark  tar.  It  is  appreciably  soluble  in  acetone  and  chloro- 
form, especially  on  warming,  and  in  hot  alcohol,  benzene  or  toluene,  and  only  sparingly 
soluble  in  ether,  to  form  yellow  solutions  which  darken  to  a  brown-olive  color  on  standing. 
The  solution  in  dil.  acid  is  a  reddish-orange,  resembling  the  corresponding  dihydro- 
quinine  derivative,  and  in  cone,  sulfuric  acid  the  color  is  a  faint  yellow.  A  concentrated 
solution  in  10%  hydrochloric  acid  deposits  delicate  yellow  needles  of  the  polyhydro- 
chloride  on  chilling.  The  solution  in  dil.  acetic  acid  turns  a  light  green  when  treated 
with  ferric  chloride,  changing  to  a  deep  emerald  green  when  sodium  acetate  is  added. 

Analysis,    Calc.  for  CioHnON, :  N,  22.22.     Found:  N,  22.34. 

8-Amino-5-hydrozy-6-methozyc[uinoline. — Three  g.  of  diamino-6-methoxyquino- 
line  were  dissolved  in  30  cc.  of  10%  hydrochloric  add,  warmed  for  30  minutes  on  the 
water-bath,  then  diluted  with  water,  and  boiled  free  from  air.  The  solution  was  chilled 
and  neutralized  with  a  considerable  excess  of  sodium  acetate  solution.  When  rubbed 
the  solution  3delded  2  g.  of  the  aminophenol  as  a  yellow  powder  which  quickly  turned 
to  an  olive  color  on  the  surface  because  of  oxidation.  It  was  recrystallized  by  dissolving  it 
in  a  considerable  amount  of  hot  toluene,  filtering  rapidly,  cooling,  and  again  filtering 
rapidly  from  green  amorphous  flocks  which  had  separated.  On  scratching,  the  yellow  fil- 
trate yielded  aggregates  of  yellow  microscopic  leaflets  or  stout  crystals  which  darkened 
to  an  olive  color  when  exposed  to  the  air.  It  darkened  above  130  °  and  slowly  melted  to  a 
dark  mass  at  180-182°  with  preliminary  sintering.  It  is  appreciably  soluble  in  methyl 
alcohol,  acetone,  and  ether,  and  in  hot  benzene  or  toluene.  It  crystallizes  from  hot 
alcohol  as  stout  microscopic  crystals  and  dissolves  in  dil.  acids  with  the  formation 
of  an  orange-red  solution.  Addition  of  ferric  chloride  to  a  solution,  followed  by  sodium 
acetate,  gave  a  deep  emerald-green  color.  The  solution  in  alkali,  at  first  yellow  in  cc^or, 
changes  almost  instantly  to  green. 

Analysis.    Calc.  for  CioHioOiN,:  N,  14.73.    Found:  N,  14.60. 

This  compound  proved  to  be  identical  with  the  substance  obtained  as  follows. 
Fourteen  g.  of  5-hydroxy-6-methoxy-8-phenylazoquinoline,  described  below,  were 
dissolved  in  140  cc.  of  10%  ammonia,  and  hydrogen  sulfide  was  passed  in  tmtil  the  deep 
purple  liquid  changed  to  a  brown,  with  deposition  of  glistening  crystals  of  the  8-amino-5- 
hydroxy-6-methoxyquinoline.  The  yield  was  6  g.  Recrystallization  from  toluene,  as 
previously  described,  gave  a  yellow  substance  which  agreed  in  all  properties  with  the 
aminophenol  described  above.  This  was  confirmed  by  a  mixed  melting  point  deter- 
mination. 

Analysis.    Calc.  for  doHioOjNj:  N,  14.73.     Found:  N,  14.63. 

5-Hydrozy-6-methozy-8-(/>-sulfo-phenylazo)quinoline. — Because  of  the  insolu- 
bility of  the  amino-azo  dye  described  above,  its  conversion  into  the  hydroxyazo  dye 
could  not  be  accomplished  conveniently  in  alcoholic  solution  as  in  previous  instances 
but  was  carried  out  as  follows.  Sixteen  g.  of  the  amino-azo  dye  were  suspended  in  160  cc. 
of  hot  glacial  acetic  acid  and  then  160  cc.  of  hot  1 :1  hydrochloric  acid  were  added. 
As  the  deep  purple  paste  of  the  hydrochloride  which  formed  was  heated  on  the  water- 
bath  it  gradually  dissolved,  and  after  10  minutes  the  solution  turned  a  deep  orange-red 
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and  deposited  the  hydroxyazo  dye  almost  quantitatively.  Redissolved  in  hot  50% 
alcohol  with  the  aid  of  ammonia  and  re-acidified  with  hydrochloric  acid  it  formed  a  purple 
powder  which  appeared  under  the  microscope  as  rosets  of  brown  platelets.  It  is  prac- 
tically insoluble  in  neutral  solvents  and  does  not  melt  when  heated  to  290''. 

Analyses.  Calc.  for  CieHisOsNiS.HjO  :  H,0.  4.77.  Found:  H,0,  6.61.  Calc. 
for  CwHuOsNiS  :  N,  11.68.     Found:  N,  11.78. 

5,8-Dihydrozy-6-methozyquinoline. — ^When  6  g.  of  diamino-methoxyquinoline 
were  boiled  for  3  hours  in  1 :1  hydrochloric  acid  and  then  chilled,  red-brown  crystals  of 
the  dihydroxy  hydrochloride  slowly  separated.  This  salt  was  washed  with  the  acid, 
dissolved  in  water,  and  treated  with  an  excess  of  sodium  acetate.  On  rubbing,  3  g.  of  the 
base  quickly  separated  as  yellow  microscopic  prisms  which  became  purple  on  exposure. 
It  was  recrystallized  from  about  40  parts  of  alcohol  and  then  from  toluene,  forming 
lustrous  yellow  leaflets  and  needles  melting  at  195-197  **  with  sliglit  preliminary  softening 
and  darkening.  It  is  sparingly  soluble  in  the  cold  in  methyl  and  ethyl  alcohols  and  in 
acetone,  but  more  readily  soluble  if  the  solvent  is  warmed.  It  dissolves  in  dil.  acids 
with  the  formation  of  a  brown-orange  colored  solution  and  in  cone,  sulfuric  acid  with  an 
orange-yellow  color.  The  solution  in  alkali  is  brown  and  the  shade  deepens  on  stand- 
ing, while  an  alcoholic  solution  gives  an  olive  color  with  ferric  chloride. 

Analyses.  Calc.  for  CioHgCN:  C,  62.80;  H,  4.71;  N,  7.33.  -Found:  C.  62.90; 
H,  4.72;  N,  7.81. 

Action  of  Acids  on  5,8-Diaminoquinoline. — ^Two  and  a  half  g.  of  diaminoquinoline 
were  boiled  3  hours  with  1 :1  hydrochloric  acid,  a  portion  of  the  hydrochloride  remaining 
undissolved  throughout.  From  the  collected  salt  almost  all  of  the  base  was  recovered 
unchanged.  When  the  mother  liquor  was  rendered  alkaline,  it  showed  the  presence  of  a 
trace  of  hydroxy  compound  by  the  deposition  of  green  flocks,  but  the  odor  of  ammonia 
was  scarcely  detectable  on  boiling. 

Summary 
Like  the  amino  groups  in  the  amino  azo  dyes  derived  from  5-amino-dihy- 
droquinine  and  5-amino-6-methoxyquinoline,  those  in  the  5,8-diamino-com- 
pounds  obtained  from  the  dyes  by  reduction  are  easily  replaceable  by 
hydroxyl.  A  number  of  the  intermediate  and  end  products  of  this  trans- 
formation are  described. 


[Contribution  from  thb  Laboratories  of  the  Rockefbi^lbr  Institutb  for  Medical 

Research] 

SYNTHESES  IN  THE  CINCHONA  SERIES.    VIH.    THE  HYDRO- 
GENATION  OF  DIHYDROCINCHONINE,  CINCHONINE  AND  DI- 

HYDROQUININEi 

By  Walter  A.  Jacobs  and  Michael  Heidelberger 

Recced  July  22,  1921 

The  hydrogenation  of  the  cinchona  alkaloids  has  been  studied  by  many 
workers  in  the  past.  Since  the  attempts  of  others  by  different  methods 
had  yielded  substances  of  indefinite  character,  Konek  von  Norwall,^ 
and  Lippmann  and  Fleissner*  applied  the  Ladenburg  method  of  reduction 

*  Presented  at  the  Annual  Meeting  of  the  American  Chemical  Society,  New  York, 
September,  1921. 

«  von  Norwall,  Monatsh.,  16, 630  (1895). 

•  lippmann  and  Fleissner,  ibid..  16, 321  (1895) ;  Ber.,  28, 1637  (1895) ;  29, 801  (1896). 
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with  sodium  and  alcohol  with  the  idea  of  redttcing  the  qtiinoline  portion 
of  the  substance.  Lippmann  and  Fleissner  obtained  from  quinine  a  strongly 
basic,  thick  oil  or  resin  which  gave  the  color  reactions  of  a  tetrahydro- 
quinoline  derivative  but  from  which  no  crystalline  compounds  were  ob- 
tained, with  the  exception  of  a  chloroplatinate.  Konek  von  Norwall 
reduced  dnchonine  wMi  sodium  and  ethyl  alcohol  to  an  amorphous  non- 
oystallizable  substance  which  he  believed  to  be  a  dihydrocinchonine. 
He  subsequently  substituted  amyl  alcohol  as  tlie  solvent  and  then  ob- 
tained a  product  which,  although  amorphous  as  the  free  base,  was  readily 
converted  by  nitrous  acid  into  a  crystalline  salt  which  he  described  as  the 
nitrite  of  a  nitrosotetrahydrocinchonine.  Quinine,  quinidine  and  cin< 
chonidine  were  then  fotmd  to  yield  similar  products. 

In  1901  Tafel*  noted  that  by  the  use  of  his  electrolytic  reduction  method 
on  the  cinchona  alkaloids  4  hydrogen  atoms  were  absorbed,  the  product, 
however,  being  non-crystaUine.  More  recently  Freund  and  Bredenberg* 
repeated  Tafel's  work  and  obtained  from  cinchonine  a  compound  in 
40%  yield  in  which  one  hydrogen  molecule  entered  the  quinoline  nucleus, 
with  simultaneous  reduction  of  the  secondary  alcoholic  group  by  the  other. 
This  substance  was  identified  as  a  Q-dihydro-desoxycinchonine  or  Q- 
dihydrocinchonane.*  A  by-product  of  the  reaction  was  an  oily  non- 
crystalline substance  possessing  the  same  composition  and  which  these 
workers  considered  to  be  an  isomer  and  designated  as  isodihydto-desoxy- 
cinchonine.  With  the  reduction  of  the  secondary  hydroxyl  group  to 
hydrogen,  the  asymmetry  of  the  carbon][atom 

C C (4)C CH,. 

O 

H  — ► 


connecting  the  quinoline  and  the  quinudidine  nuclei  is  destroyed,  while 
the  addition  of  the  two  hydrogen  atoms  to  the  quinoline  nucleus  creates 
a  new  asymmetric  carbon  at  Position  4  which  would  explain  the  production 
of  two  isomeric  bases.  On  reduction  of  the  crystalUne  base  ¥rith  sodium 
and  amyl  alcohol  an  oily  tetrahydro-desoxycinchonine  (tetrahydrocin- 
chonane)  was  obtained  which  yielded  ^n  hydrogenation  with  palladium 
and  hydrogen  an  oily  hexahydrocinchonane,  botli  bases  forming  crystal- 
line salts. 

A  year  later  Skita  and  Brunner^  succeeded  in  reducing  the  cinchona 
alkaloids  with  a  large  excess  of  platinum  black  and  hydrogen  under  pressure 

*  Tafel,  Ber.,  34, 3299  (1901). 

'  Freund  and  Bredenberg.  Ann.,  407, 43  (1915). 

*  For  the  meaning  of  the  suffix  -ane,  cf.  This  Journal.  42,  1489  (1920). 
'  Skita  and  Brunner,  Ber.,  49, 1597  (1916). 
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to  high-melting  crystalline  hexahydro  alkaloids  and  finally  to  the  do- 
decahydro  compounds.  In  the  case  of  the  hexahydro  alkaloids,  however, 
they  make  no  mention  of  the  occurrence  of  isomers  resulting  from  the 
new  asymmetry  of  carbon  (4). 

In  connection  with  our  synthetic  studies  in  the  cinchona  group  we  were 
led  to  seek  for  a  less  costly  and  cumbersome  method  for  their  reduction 
than  that  devised  by  Skita  and  Bnmner.  Because  of  the  rather  indefinite 
results  of  Konek  von  Norwall  and  Lippmann  and  Fleissner,  it  occurred 
to  us  that,  by  using  the  dihydro  alkaloids  as  starting  material,  sodium 
and  amyl  alcohol  should  yield  products  the  same  as  those  described  by 
Skita  and  Bnmner.  To  our  surprise,  however,  dihydrodnchonine  yielded 
an  oil  which  was  fotmd  to  be  a  mixture  of  different  bases.  On  con- 
verting this  mixture  into  the  dihydrochlorides  in  absolute  alcoholic 
solution,  it  was  found  possible  by  fractional  oystallization  to  isolate 
three  different  salts.  The  least  soluble  of  these  was  obtained  in  about  25% 
3deld  and  proved  to  be  the  dihydrochloride  of  a  hexahydrocinchonane* 
which  yielded  a  crystalline  base  melting  at  106-7®.  The  most  soluble 
salt  proved  also  to  be  the  dihydrochloride  of  a  hexahydrodnchonane 
and  was  obtained  in  about  equal  amount.    This  salt  likewise  yielded  a 

'  After  this  communication  had  been  sent  to  the  editor,  papers  by  G.  Giemsa  and  J. 
Halberkann  [Ber.,  54, 1167, 1189  (1921)  ]  appeared  in  which  these  authors  criticize  our  use 
of  the  ending  "ane"  as  a  simplification  of  the  term  "desoxy"  alkaloids  on  the  ground  that 
such  a  name  should  just  as  properly  belong  to  the  "still  hypothetical  reduction  products 
of  hydroquinene"  and  consequently  necessitate  the  confusing  use  of  prefixes  a-,  /?-,  etc. 
These  authors  apparently  have  failed  to  realize  that  if  Rabe's  views  on  the  stereochemical 
relationships  of  the  cinchona  alkaloids  are  correct  (and  they  are  supported  by  excellent 
evidence)  the  reduction  of  hydroquinene  should  yield  a  mixture  of  what  we  have  called 
dihydroquinane  (dihydro-desoxyquinine)  and  dihydroquinidane  (dihydro-desoxy- 
quinidane),  a  third  substance  being  impossible.  In  spite  of  their  objections  to  this 
terminology,  they  have  applied  it  to  their  own  apparently  isomeric  substances,  designat- 
ing as  hydrocupreane  and  hydroquinane  the  substances  prepared  by  them  by  diazo- 
tization  of  the  5-amino  alkaloids.  They  justify  this  on  the  ground  that  their  substances 
su-e  produced  by  a  method  so  gentle  as  to  make  unlikely  the  occurrence  of  optical  iso- 
merization  in  the  reduction  of  the  secondary  alcoholic  group  to  CHs,  whereas  the  reaction 
involving  the  use  of  phosphorus  pentachloride  for  the  preparation  of  the  desoxy  alkaloids 
over  the  chloro  compounds  is  more  apt  to  affect  the  steric  relationship  of  these  to  the 
parent  alkaloids. 

These  statements  are  incompatible  with  Rabe's  yiews,  and  unless  Giemsa  and 
Halberkann's  "hydrocupreane"  had  undergone  optical  or  other  intramolecular  rearrange- 
ment it  should  have  been  identical  with  our  dihydrocupreane.  Since  it  has  been  shown 
to  be  different  it  must  be  concluded  that  their  substances,  the  products  of  a  littie  under- 
stood reaction,  are  the  result  of  some  such  rearrangement. 

Finally,  the  i>ossibility  of  any  isomerization  with  phosphorus  pentachloride  seems 
most  remote  since  the  direct  reduction  of  dihydrodnchonine  with  sodium  or  zinc  as 
described  in  this  paper  yields  the  same  a-  and  /9-hexahydrocinchonanes  as  those  obtained 
by  reduction  of  dihydrocinchonane  which  was  prepared  over  the  chloro  compound. 
We  see  no  reason,  therefore,  for  discontinuing  the  use  of  the  terminology  which  we 
have  begun. 
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crystalline  base  melting  at  106-106.5°.  We  have  designated  the  former 
base  a-  and  the  latter  as  /3-hexahydrocinchonane.  These  substances 
are  unquestionably  epimers,  both  being  formed  when  carbon  atom  (4) 
of  the  quinoUne  ring  becomes  asymmetric,  just  as  was  assumed  by  Freund 
and  Bredenberg  in  the  electrolytic  reduction  of  cinchonine.  That  these 
substances  are  tetrahydroquinoUne  derivatives  was  shown  by  the  fact 
that  they  form  stable  dihydrochlorides,  nitrosamines,  N-acyl  derivatives 
and,phenylazo  dyes,  the  last  of  which  was  obtained  in  crystalline  form 
only  in  the  case  of  the  a-compoimd.  They  also  give  the  characteristic  color 
reactions  of  tetrahydroquinoline  with  ferric  chloride. 

It  appeared  rather  surprising  that  the  reduction  of  the  secondary  al- 
coholic group  of  cinchonine  to  the  CH2  group  should  have  occurred  here 
as  well  as  in  the  electrolytic  reduction.  To  prove  the  correctness  of  the 
findings,  however,  dihydrocinchonine  was  converted  through  the  chloro 
compound  into  dihydrocinchonane,  which  was  in  turn  reduced  with  sodium 
and  amyl  alcohol;  a-  and  /3-hexahydrocinchonane  were  obtained  ex- 
clusively. One  of  these  isomers  must  therefore  be  the  hexahydro-desoxy- 
cinchonine  described  by  Freund  and  Bredenberg  but  not  obtained  by  them 
in  crystalline  form.* 

The  third  substance  obtained  by  fractionation  of  the  hydrochlorides 
was  isolated  finally  as  a  dihydrobromide.  Its  elementary  composition 
corresponds  to  that  of  a  hexahydrocinchonine.  Unfortunately,  the  base 
could  not  be  obtained  crystalline  and  could  not,  therefore,  be  compared 
with  the  product  of  Skita  and  Brunner.  We  are,  however,  of  the  opinion 
that  our  substance  is  different  from  theirs.  From  our  experience  and  that 
of  Freund  and  Bredenberg,  it  is  rather  strange  that  Skita  and  Brunner 
did  not  observe  the  formation  of  epimeric  isomers  in  the  reduction  of  the 
alkaloids  by  their  method.  Our  third  substance  also  gives  all  of  the  reac- 
tions of  a  tetrahydroquinoline.  Under  the  conditions  employed  it  would 
seem,  therefore,  that  the  alcohoUc  group  does  not  suffer  reduction  in  aU 
of  the  alkaloid  used. 

To  ascertain  whether  other  reducing  agents  would  yield  the  same  com- 
pounds, dihydrocinchonine  was  reduced  with  zinc  and  hydrochloric  acid; 
this  process  yielded  an  oily  base  from  which  an  appreciable  amount  of 
a-hexahydrocinchonane  was  isolated  by  means  of  the  hydrochloride.  Since 
the  yield  of  this  product  was  much  poorer  than  that  obtained  by  the  sodium 
method,  the  reaction  unquestionably  proceeded  partly  in  a  different  sense. 

*  Since  a  tetrahydrocinchonane  (tetrahydro-desozycinchonine)  which  they  also 
describe  was  found  by  them  to  possess  [a]i>  64.6  **,  this  substance  must  therefore  be 
isomeric  with  the  tetrahydrocinchonane  prepared  by  us  by  the  reduction  of  cinchonine 
and  which  is  described  further  on.  This  base  gave  [a  ]p  209.0  **.  Accordingly,  our  /3-base 
should  belong  to  the  series  of  compounds  which  these  workers  obtained  from  their 
crystalline  dihydrocinchonane  and  should  therefore  be  the  same  as  their  amorphous 
hexahydro-desoxydnchonine.    Unfortunately,  they  did  not  describe  its  rotation. 
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It  was  then  of  interest  to  repeat  the  experiments  of  Konek  von  Norwall 
with  cinchonine  itself.  Here,  also,  a  viscous  sirup  was  obtained  which  was 
likewise  foimd  to  be  a  mixture.  By  conversion  into  the  hydrochloride 
a  crystalline  fraction  was  obtained  with  little  difficulty  which  yielded  a 
crystaUine  base  melting  at  116.5-117.5°  and  with  practically  the  same 
rotation  given  by  a-hexahydrocinchonane.  This  base  proved  to  be  a- 
tetrahydrocinchonane,  since  on  reduction  with  palladium  and  hydrogen 
it  yielded  the  a-hexahydro  base.  From  the  mother  liquor  of  the  above 
salt  it  was  foimd  difficult  to  isolate  any  other  products  of  the  reduction. 
A  clue  to  their  nature  was  found,  however,  by  reducing  the  residue  with 
palladiimi  and  hydrogen,  a  process  which  could  reduce  only  the  vinyl 
side-chain.  From  the  resulting  mixture  the  hydrochlorides  of  a-  and  /?- 
hexahydrocinchonane  and  hexahydrocinchonine  dihydrobromide  were  , 
readily  isolated,  showing  that  the  original  reduction  mixture  contained 
besides  a-tetrahydrocinchonane,  /3-tetrahydrocinchonane  and  tetrahydro- 
cinchonine.  The  so-called  nitroso-tetrahydrocinchonine  nitrite  described 
by  Konek  von  Norwall  was  therefore  probably  a  mixture  and  not  solely, 
if  at  all,  a  derivative  of  tetrahydrocinchonine. 

Finally  dihydroquinine  was  also  reduced  by  this  method,  but  curiously 
enough  the  only  substance  which  could  be  isolated  in  pure  crystalline  form 
and  in  fair  yield  was  the  dihydrochloride  of  hexahydroquinine.  The  nature 
of  this  salt  was  established  by  the  preparation  of  a  nitroso  and  mono- 
benzoyl  derivative  and  the  usual  color  reactions.  The  base  unfortunately 
could  not  be  obtained  in  crystalline  form. 

Experimental  Part 
A.    Reduction  of  Dihydrocinchonine  (Cinchotine) 

100  g.  of  dihydrocinchonine  were  dissolved  in  2  kg.  of  boiling  dry  amyl  alcohol 
and  reduced  at  the  boiling  temperature  with  150  g.  of  sodium.  The  reaction  required  in 
all  from  4  to  6  hours.  When  the  practically  colorless  solution  was  treated  with  water  and 
the  amyl  alcohol  removed  with  steam,  a  resinous  residue  remained  which  was  extracted 
with  ether.  Concentration  of  the  dried  ethereal  solution  left  an  amber  colored  oil  whicn 
was  dissolved  in  1  liter  of  absolute  alcohol.  A  solution  of  hydrochloric  acid  in  absolute 
alcohol  was  added  until  the  reaction  became  acid  to  congo  red.  A  copious  crop  of  micro- 
scopic needles  gradually  separated  and  was  collected  and  washed  with  cold,  acidulated 
absolute  alcohol,  forming  a  faintly  bluish-purple  mass  which  weighed  60  g.  when  dry. 
Recrystallization  from  3  parts  of  boiling  water  gave  a  crop  of  almost  flat,  minute,  color- 
less needles  which,  after  they  had  been  washed  with  ice  water  and  dried,  weighed  16  g. 
and  proved  to  be  practically  pure  a-hexahydrocinchonane  dihydrochloride.  The 
aqueous  mother  liquor,  concentrated  to  75  cc.,  gradually  deposited  a  second  crop  of 
crystals,  which,  on  recrystallization  from  a  small  volume  of  water,  yielded  7  g.  of  the 
characteristic  flat  needles  of  the  salt  of  the  a-compound.  The  mother  liquors  treated  in 
a  similar  manner  finally  gave  an  additional  5  g.,  or  28  g.  in  all. 

When  the  aqueous  mother  liquor  from  the  last  fraction  W£is  concentrated  to  about 
60  cc.  and  treated  with  an  equal  volume  of  40%  hydrobromic  acid  a  hydrobromide 
crystallized  rapidly.  Under  the  microscope,  it  was  found  to  consist  mainly  of  6-sided 
elongated  plates  and  prisms  of  the  salt  of  hexahydrocinchonine,  mixed  with  small,  corn- 
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pact  prisms  of  the  hydrofaromide  of  ^-hezahydrocmchonane,  which  was  easily  removed 
by  reaystaUization.    The  yield  of  the  mixed  salt  was  17  g. 

The  original  alcoholic  mother  liquor  from  which  the  first  crude  fraction  had  been 
obtained  was  concentrated  in  vacuo  to  a  sirup  and  dissolved  in  about  150  cc.  of  absolute 
alcohol.  On  standing  in  the  refrigerator  the  solution,  which  had  deepened  considerably 
in  color,  slowly  deposited  a  hard,  compact  crust  of  p3rramided  rhombs  which  were 
filtered  oflf  after  3  or  4  dajrs  and  washed  with  cold  absolute  alcohol.  This  fraction 
weighed  32  g.  and  consisted  mainly  of  /3-hexahydrocinchonane  dihydrochloride.  The 
mother  liquor  from  this  fraction,  concentrated  to  small  bulk  and  allowed  to  stand  in  the 
refrigerator  for  several  weeks,  gave  a  further  slow  deposit  of  crystals,  but  this  fraction 
was  obviously  a  mixture,  and  the  amount  too  small  to  make  its  study  profitable. 

o-Hezahydrodnchonane. — ^When  the  hydrochloride  of  the  o-base  first  described 
was 'dissolved  in  water  and  treated  with  an  excess  of  alkali,  a  colorless  gum  was  obtained 
'  which  was  easily  extracted  with  ether.  The  dried  extract,  on  concentration,  left  an 
almost  colorless  sirup  which  crystallized  on  standing.  When  this  material  was  dissolved 
in  sufficient  hot  ligroin  and  seeded  after  it  cooled,  the  base  separated  as  a  hard  crust  of 
rhombic  plates  and  flat  prisms.  After  repeated  recrystallization  from  ligroin  and  finally 
from  a  small  volume  of  alcohol,  and  cooling  to  0**,  the  base  melted  sharply  at  106-107° 
(corr.) .  Although  colorless  at  first  the  a-base  rapidly  turns  amber  colored  on  the  surface 
when  exposed  to  sunlight;  but  when  kept  in  brown  glass  containers  it  remains  colorless. 
It  is  readily  soluble  in  organic  solvents,  except  ligroin  which,  however,  dissolves  it 
appreciably.  The  base  yields  stable  di-acid  salts,  solutions  of  which  give  an  olive-green 
color  with  ferric  chloride  and  an  emerald-green  color  with  permanganate.  It  couples 
slowly  with  diazotized  sulfanilic  acid  to  form  a  red  solution  of  the  salt  of  the  azo  dye. 
[a]^D  is  212-217°  in  absolute  alcohol,  c»  1.123  (g.  of  substance  per  100  cc.  of  solvent). 

Analyses.  .Calc.  for  CitHuNs:  C,  80.23;  H,  0.86;  N,  9.86.  Found:  C,  80.10; 
H,  9.63;  N,  10.06. 

The  DiHYDROCHifORiDB. — This  salt  is  readily  purified  by  recrystallization  from 
water;  it  forms  characteristic  long,  flat,  colorless,  glistening  needles  which  darken  slightly 
but  do  not  melt  when  heated  to  285°.  It  is  fairly  soluble  in  water,  especially  on  warm- 
ing, and  very  difficultly  so  in  cold  absolute  alcohol,  although  the  hot  solvent  dissolves  it 
more  readily.  Hydrochloric  add  or  sodium  chloride  salts  it  out  of  a  not  too  dilute 
aqueous  solution.  Strong  hydrobromic  acid  likewise  precipitates  the  dihydrobromide 
as  long,  flat  needles  which  resemble  the  hydrochloride.  The  aqueous  solution  of  the 
salt  is  acid  to  litmus,  but  not  to  congo  red.     [a]^  is  69.2 °  in  water;  c  *=  1.026. 

Analyses.  Calc.for  Ci»H,8N,.2HCl:  C,  63.83;  H,  8.41;  N,  7.84;  CI.  19.85.  Found: 
C,  63.60;  H,  8.23;  N,  8.04;  CI,  19.75. 

N-Nitroso-o-hezahydrocinchonane  Hydrochloride. — ^A  cone,  aqueous  solution 
of  the  dihydrochloride  was  treated  with  a  slight  excess  of  a  cone,  solution  of  sodium 
nitrite,  yielding  a  yellow  gum  which  crystallized  rapidly  when  it  was  rubbed.  .  Since 
purification  of  the  hydrochloride  by  simple  recrystallization  was  made  difficult  because 
of  contamination  with  the  sparingly  soluble  nitrite  of  the  nitroso  compound,  the  col- 
lected salt  was  dissolved  in  water  and  the  nitroso  base  precipitated  with  alkali  and  ex- 
tracted with  ether.  The  washed  ether  was  shaken  with  a  sUght  excess  of  dil.  hydro- 
chloric add  and  the  hydrochloride  was  isolated  from  the  resulting  solution  by  concen- 
tration in  vacuo.  Recrystallized  from  a  small  volume  of  water  containing  a  little  hydro- 
chloric add,  the  hydrochloride  separates  as  flat,  lustrous,  cream  colored  needles  which 
melt  and  effervesce  at  203-205°.  It  is  easily  soluble  in  alcohol,  quite  readily  in  water, 
and  much  less  so  in  dilute  hydrochloric  add  or  salt  solution.  It  gives  the  Liebermann 
reaction,  [afi  is  -f  68.0°  in  water;  c»  1.000.  Alkali  predpitates  the  base  as  a  gum 
which  is  easily  soluble  in  ether  and  could  not  be  made  to  crystallize. 
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Analyses.  Calc.  for  Ci,H,tONi.HC1:  N,  12.00;  CI.  10.14.  Found:  N*12.15;  CI. 
10.13. 

N-Acetyl-o-hexahydrocinchonane  Hydrochloride. — Two  g.  of  the  a-base  were 
dissolved  in  10  cc.  of  benzene,  treated  with  1  cc.  of  acetic  anhydride  and  boiled  for  several 
minutes,  until  the  benzene  boiled  away.  A  small  volume  of  absolute  alcohol  was  added 
and  then  alcoholic  hydrochloric  add  until  the  solution  was  acid  to  congo  red.  On  the 
addition  of  several  volumes  of  dry  ether  the  hydrochloride  gradually  oystallized. 
R^Mredpitated  with  ether  from  a  concentrated  alcoholic  solution,  the  salt  formed 
colorless  microscopic  leaflets  which  mdted  at  235-237  °  with  slight  preliminary  softening. 
It  dissolves  easily  in  water  or  alcohol  and  very  sparingly  in  acetone.  Contrary  to  the 
unacylated  base,  it  no  longer  couples  with  diazo  compounds  and  gives  no  color  with  ferric 
chloride  or  permanganate,  [a  ]^  is  +  37.0  "^  in  water ;  c — 1 .000.  Alkali  predpitates  the 
base  as  a  gum  which  dissolves  easily  in  ether,  but  could  not  make  it  crjrstallize. 

Analyses.    Calc.  for  CiiH,oONi.HCl:  N,  7.73;  CI,  9.78.    Found:  N,  7.66;  CI,  9.56. 

N-Benzoyl-a-hexahydrodndionane  Hydrochloride. — One  and  a  half  g.  of  the 
a-base  dissolved  in  25  cc.  of  dry  acetone  were  treated  with  1  cc.  of  benzoyl  chloride.  The 
solution  warmed  slightly  and  deposited  a  trace  of  a  precipitate.  The  filtrate  was  con- 
centrated to  a  small  volume,  addified  with  alcoholic  hydrochloric  add,  and  then  treated 
with  dry  ether  to  indpient  turbidity.  The  oystallization  which  ensued  on  rubbing  the 
vessd  was  aided  by  the  occasional  additibn  of  more  ether.  Recrystallized  from  methyl 
ethyl  ketone,  the  salt  separated  slowly  as  colorless  microscopic  platdets  which  sinter 
at  about  175  ^  and  slowly  mdt  at  215-220  ^.  The  salt  is  easily  soluble  in  water  or  alcohol. 
[afo  =  +13.0*  in  water;  c =0.384.  The  free  base  was  obtained  from  the  salt  as  a  color- 
less gum  which  could  not  be  made  to  crystallize. 

Analyses.    Calc  for  CMHaONt.HCl:  N,  6.59;  CI,  8.35.    Found:  N,  6.78;  CI,  8.29. 

6-Phenylaxo-et-hexahydrocinchonAne. — ^Half  a  gram  of  aniline  dissolved  in  15  cc. 
of  N  hydrochloric  add  was  diazotized  with  5  cc.  of  JV^  sodium  nitrite  and  added  to  a 
chilled  solution  of  1.9  g.  of  the  a-dihydrochloride  in  25  cc.  of  water.  Fifteen  cc.  of 
20%  sodium  acetate  were  then  added,  causing  the  separation  of  a  reddish-orange  gum, 
presumably  mostly  a  diazo-amino  compound.  An  equal  volume  of  alcohol  was  added  and, 
when  solution  was  complete,  this  was  followed  by  suffident  strong  hydrobromic  add  to 
form  a  deep  purple-red  solution  which  deepened  in  color  on  standing.  After  the  solution 
had  stood  for  24  hours  at  room  temperature,  the  removal  of  the  alcohol  in  vacuo  caused  the 
separation  of  a  deep  red  tar  which  changed  when  rubbed  with  water  to  a  purple  mass  of 
microscopic  needles.  The  separation  was  aided  by  the  addition  of  sodium  bromide. 
The  collected  salt  was  dissolved  in-  warm  50%  alcohol  and  made  alkaline  with  sodium 
hydroxide,  which  caused  the  purple-red  solution  to  change  to  a  brown-orange  color  and 
deposit  the  dye  base  as  lustrous  orange  colored  leaflets.  The  yidd  was  0.7  g.  Re- 
crystallized  from  85%  alcohol  it  forms  rosets  of  thin,  rounded  platdets  which  mdt  at 
153-156^.  The  dye  is  very  readily  soluble  in  benzene  and  in  diloroform  and  easily  in 
the  other  solvents  except  ligroin.  It  dissolves  in  dil.  acids  with  a  deep  red  color,  purplbh- 
pink  in  thin  layers,  while  the  solution  in  cone,  sulfuric  acid  shows  a  deep  brown-red 
hue  which  appears  light  olive-green  in  thin  layers. 

Analysis.    Calc.  for  CuHaN*:  N,  14.43;    Found:  N,  14.65. 

/3-Hezahydrodnchonane. — ^The  free  base  was  obtained  from  the  pure  hydrochloride 
described  bdow  as  a  colorless  oil  which  crystallized  on  standing.  Recrystallized  from 
ligroin,  it  forms  lustrous  rhombic  plates  which,  after  a  final  recrystallization  from  alcohol 
with  the  aid  of  a  freezing  mixture,  melt  at  106-106.5'*,  or  at  about  the  same  point  as  the 
a-base.  However,  a  mixture  of  both  bases  mdts  16-20**  lower.  Contrary  to  the  action 
of  the  cv-base,  the  /^-compound  remains  colorless  on  exposure  to  sunlight.     Its  salts  give 
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the  same  color  reactions  as  those  of  the  a-base  with  ferric  chloride,  with  permanganate, 
and  with  diazotized  sulfanilic  acid.  It  is  readily  soluble  in  organic  solvents  with  the 
exception  of  ligroin.     [o]"  is  18.15°  in  absolute  alcohol;  c =0.992. 

Analyses.  Calc.  for  Ci.HwNa:  C.  80.23;  H,  9.86;  N,  9.86.  Found:  C,  79.90; 
H,  10.02;  N,  9.77. 

Thb  DihydrochloridE. — The  crude  salt  (32  g.)  previously  described  as  the  second 
fraction  (p.  1084)  was  readily  purified  by  recrystallization  from  water.  It  separates 
slowly  as  a  hard  crust  of  rhombs  and  pyramidal  prisms  which  occasionally  measured 
5  mm.  in  diameter  and  contain  1  molecule  of  water  of  crystallization.  When  heated 
rapidly  to  230°  and  then  slowly,  the  salt  melts  at  237-240°  to  a  liquid  filled  with  bubbles. 
It  is  readily  soluble  in  water,  appreciably  so  in  alcohol,  and  insoluble  in  acetone  or  in 
ether.  The  aqueous  solution  reacts  acid  to  litmus,  but  neutral  to  congo  red.  [a]^  is 
84.0°  in  water;  c  =  1.000. 

Analyses,  Calc.  for  Ci.HmN2.2HC1.H,0:  HjO,  4.80.  Found:  4.54.  Cak.  for 
C,fHMN,.2HCl:  N,  7.84;  CI.  19.85.    Found:  N,  8.07;  CI,  19.68. 

Nitro80-/3-hexahydrocinchoiuuie  and  its  Hydrochloride. — ^As  in  the  case  of  the 
a-salt,  the  ^-hydrochloride  yielded  the  hydrochloride  of  the  nitroso  compound,  which  was 
purified  by  recrystallization  from  water  with  the  addition  of  hydrochloric  add.  The 
base  obtained  from  the  salt  formed  an  amber  colored  oil  which  crystallized  on  standing. 
When  allowed  to  separate  slowly  from  ligroin;  it  forms  long,  prismatic,  cream  colored 
needles  which  melt  at  92.5-93.5°  (corr.).  It  is  readily  soluble  in  organic  solvents  and 
gives  the  Liebermann  reaction,     [o  J^d  >s  107.0  °  in  absolute  alcohol ;  c  =  1 .000. 

Analysts.     Calc.  for  CjHaTONj:  N,  13.41.     Found:   N,  13.76. 

The  salt  isolated  above  forms  glistening,  cream  colored  leaflets  which  contain 
1  molecule  of  water  of  crystallization  and  melt  with  effervescence  at  209-211°.  It 
is  sparingly  soluble  in  cold  water,  more  readily  in  alcohol  and  very  sparingly  in  acetone. 
[af^  is  68.4°  in  water;  c  =0.746. 

Analyses.  Calc.  for  C.HitONj.HCI.HjO:  H,0,  4.90.  Found:  4.87.  Calc.  for 
C,9H270N,.HC1:  N,  12.00;  CI,  10.14.     Found:  N,  12.36;  Cl,  10.28. 

N-Benzoyl-^-hexahydrocinchonane  Hydrochloride.— One  and  a  half  g.  of  the 
/3-base  dissolved  in  25  cc.  of  dry  acetone  were  treated  with  1  cc.  of  benzoyl  chloride. 
After  15  minutes  the  clear  solution  was  treated  with  dry  ether  and  rubbed  until  the  salt 
crystallized.  Recrystallized  from  methyl  ethyl  ketone,  it  forms  aggregates  of  colorless 
needles  which  melt  at  232-234  °  and  are  easily  soluble  in  water.  [aJ^J  is  95.0°  in  water; 
c  =  1.000. 

Analyses.     Calc.  for  C,«HwON,.HCl:  N,  6.59;  Cl,  8.35.     Found:  N,  6.86;  Cl.  a47. 

Hezahydrocinchonine  Dihydrobromide. — This  salt  was  obtained  as  previously 
described  (p.  1084)  by  the  addition  of  hydrobromic  acid  to  the  aqueous  mother  liquors 
from  the  a-dihydrochloride.  The  crude  hydrobromide  (17  g.)  was  recrystallized  re- 
peatedly from  small  volumes  of  water  tmtil  the  optical  rotation  became  constant. 
It  then  formed  characteristic  long,  lustrous,  faintly  violet,  hexagonal  plates  and  prisms 
which  sinter  and  darken  slightly,  but  do  not  melt  below  290°.  The  salt  is  quite  readily 
soluble  in  water  and  very  sparingly  in  alcohol,  [aj^  is  50.0°  in  water;  c  =  1.000.  It 
gives  the  same  color  reactions  with  ferric  chloride,  with  permanganate  and  ^-ith  di- 
azotized sulfanilic  acid  as  the  salts  of  the  a-  and  /3-bases.  Its  aqueous  solution  reacts 
acid  to  litmus,  but  neutral  to  congo  red,  and  yields  a  nitrosamine  with  sodium  nitrite. 
Alkali  precipitates  the  free  base  as  a  gum  which,  so  far,  has  failed  to  crystallize. 

Analyses.  Calc.  for  Ci9H»ON2.2HBr:  C,  49.35;  H,  6.55;  N.  6.06;  Br,  34-63. 
Found:  C,  49.65;  H,  6.51;  N.  6.34;  Br,  34.72. 
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Reduction  of  Dihydrocinchonine  with  Zinc  and  Hydrochloric  Acid. — Twenty 
g.  of  dihydrocinchonine  were  dissolved  in  400  cc.  of  1 :1  hydrochloric  acid,  and  the  solu- 
tion was  boiled  and  treated  gradually  with  40  g.  of  granulated  zinc  (30  mesh).  When 
the  zinc  was  dissolved,  water  was  added  to  redissolve  the  pasty  double  salt  which  sepa- 
rated as  the  mixttu-e  cooled,  and  then  an  excess  of  ammonia  was  added.  The  dried 
ether  extract  was  concentrated  and  yielded  a  yellow  oil  which  was  dissolved  in  100  cc.  of 
absolute  alcohol  and  treated  with  dry  hydrogen  chloride  until  acid  to  congo  red.  When 
seeded  with  a-hexahydrocinchonane  dihydrochloride,  rapid  crystallization  occurred 
which  was  completed  in  the  refrigerator.  The  dried  salt  weighed  3  g.,  or  much  less  in 
proportion  to  the  yield  obtained  by  the  sodium  reduction.  It  proved  identical  with  the 
salt  of  the  a-base  previously  isolated.  In  all  probability  the  /3-base  is  to  be  found  in  the 
mother  liquors  from  the  o-hydrochloride,  but  the  poor  yield  and  its  solubility  rendered 
its  isolation  diHicult. 

B.    Reduction  of  Dihydrocinchonane 

Eighteen  g.  of  dihydrocinchonane  hydrochloride  (see  below)  were  converted  into  the 
base  and  the  dried  ether  extract  concentrated  to  a  sirup.  This  was  dissolved  in  320  g. 
of  amyl  alcohol  and  reduced  with  24  g.  of  sodium.  After  removal  of  the  amyl  alcohol, 
the  ether  extract  yielded  a  colorless  oil  which  was  dissolved  in  160  cc.  of  absolute  alcohol 
and  made  add  to  congo  red  by  dry  hydrogen  chloride.  Thus  10.6  g.  of  a  salt  corre- 
sponding to  that  of  a-hexahydrocinchonane  was  obtained.  On  conversion  of  this  into 
the  free  base,  an  oil  was  obtained  which  crystallized  readily  when  seeded  with  a-hexa- 
hydrocinchonane. Recrystallized  from  ligroin,  it  formed  rhombic  plates  and  prisms 
which  melted  at  106-107®  (corr.).  When  mixed  with  the  previously  described  a-base 
no  change  in  melting  point  occurred.     [afS  is  213.0°  in  absolute  alcohol;  c  =  1.000. 

Analysis.    Calc.  for  CijHmNj:  N,  9.86.    Found:  N,  9.98. 

When  the  mother  liquor  of  the  o-hydrochloride  was  concentrated,  6  g.  of  stout 
prisms  characteristic  of  the  /3-dihydrochloride  were  obtained.  The  base  liberated  from 
this  salt  melted  at  106-106.5**  (corr.).  No  change  in  melting  point  was  observed  when 
it  was  mixed  with  the  /3-hexahydrocinchonane  previously  described,  [a]^^  is  18.7** 
in  absolute  alcohol ;  c  =  1 .016. 

Analysis,    Calc.  for  Ci»Ht8Nj:  N,  9.86.    Found:  N,  9.94. 

From  the  mother  liquors  from  the  above  salts  none  of  the  characteristic  hexagonal 
plates  of  the  dihydrobromide  of  hexahydrocinchonine  could  be  separated. 

The  dihydrocinchonane  used  above  was  obtained  as  follows. 

Chloro-dihydrodnchonine  and  its  Hydrochloride. — Sixty-nine  g.  of  dry  dihydro- 
cinchonine dihydrochloride  were  suspended  in  dry  chloroform  and  poured  in  a  thin 
stream,  with  cooling,  into  a  suspension  of  115  g.  of  phosphorous  pentachloride  in  the 
same  solvent.  After  the  mixtiu-e  had  been  warmed  to  40-50®  for  several  days,  it 
was  decomposed  with  ice  and  water,  and  the  base  liberated  from  the  aqueous  extract 
with  alkali  and  extracted  with  ether.  The  oily  residue  was  dissolved  in  absolute  alcohol 
and  neutralized  with  alcoholic  hydrochloric  acid.  This  caused  the  hydrochloride  to 
separate  as  aggregates  of  microscopic  needles.  The  mother  liquor  yielded  an  additional 
amount  on  addition  of  dry  ether,  or  43  g.  in  all.  When  recrystallized  from  85%  alcohol 
it  forms  radiating  aggregates  of  microscopic  needles  and  narrow  leaflets  which  turn 
olive  colored  when  heated  and  melt  slowly  at  227-228®.  It  is  difficultly  soluble  in 
cold  water  and  alcohol,  but  readily  on  boiling.     [afS  is  48.8®  in  water;  c  =■  1.107. 

Analyses.  Calc.  for  CitHajNaCl.HCl:  N,  7.98;  CI,  10.09.  Found:  N.  8.09; 
CI,  10.04. 

On  treating  the  aqueous  solution  of  the  salt  with  sodium  carbonate,  an  oil  formed 
which  crjrstallized  when  it  was  seeded  with  crystals  obtained  from  a  preliminary  ethereal 
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extract.  Dissolved  in  acetone  and  treated  with  water  to  incipient  turbidity  the  hydrate 
of  the  base  separated  slowly  as  rhombs  which  contained  1.5  molecules  of  water  of 
crystallization.  It  softens  above  55^  and  is  completely  melted  to  a  turbid  Hquid  at 
70®.  Dried  in  a  desiccator,  the  hydrate  lost  its  crystalline  structure.  It  is  easily 
soluble  in  organic  solvents,     [a]^  is  36.4*  in  absolute  alcohol;  c= 1.001. 

Analyses.  Calc.  for  C,9HmN,C1.1.6H,0:  H,0,  7.91;  N.  8.20.  Found:  HA 
7.83;  N,  8.32. 

Dihydrodnchonane  and  its  Hydrochloride. — Thirty-six  g.  of  chlorodihydrocin- 
chonine  hydrochloride  were  reduced  as  in  the  case  of  dihydroquinane.^^  The  base  was 
obtained  at  first  as  an  oil  which  was  dissolved  in  absolute  alcohol  and  treated  with  dry 
hydrogen  chloride  until  it  was  neutral  to  moist  litmus,  the  salt  separating  rapidly  as 
glistening  platelets.  These  were  washed  with  a  little  absolute  alcohol  and  then  with 
dry  acetone,  until  all  the  yellow  color  due  to  picric  add  had  been  removed.  Yield,  22  g. 
When  crystallized  from  absolute  alcohol  the  hydrochloride  forms  narrow,  glistening 
plates  and  prisms  which  turn  yellow  and  melt  slowly  at  197-199*'  to  a  liquid  containing 
bubbles.  It  is  quite  soluble  in  absolute  alcohol,  very  readily  in  dry  methyl  alcohol  and 
chloroform,  and  difi&cultly  in  acetone,     [a  ]^  is ^9.3  °  in  water ;  c  =  1 .068. 

Analyses,    Calc.  for  CuHmNj-HCI:  N,  8.85;  Q,  11.19.    Found:  N,  9.04;  a.  11.38. 

On  treating  a  solution  of  the  salt  in  50%  alcohol  with  an  excess  of  sodium  carbonate 
and  diluting  with  water,  the  hydrate  of  the  base  crystallized  slowly.  When  dissolved  in 
acetone  and  treated  with  water  to  incipient  turbidity,  the  hydrate  separated  as  rhombs, 
hexagonal  prisms  and  diamond-shaped  platelets  which  retained  2  molecules  of  water  of 
crystallization  after  they  had  been  dried  to  constant  weight  in  air  saturated  with  water 
vapor.  It  is  easily  soluble  in  organic  solvents  and  melts  at  69.5-60**  (corr.).  When  it  is 
dried  in  a  desiccator  or  in  dry  air  it  loses  its  crystalline  character,  [af^  is  113.8" 
in  absolute  alcohol;  c  — 1.014. 

Analyses,  Calc.  for  C,tHMNi.2H,0:  H,0,  11.39;  C,  72.10;  H,  8.16;  N.  8.86. 
Found:  H,0,  11.17;  C,  72.42;  H,  8.16;  N,  9.17. 

C.    Reduction  of  Cinchonine 

Fifty  g.  of  cinchonine,  which  had  been  purified  by  recrystallization  of  the  sulfate 
and  then  of  the  base  from  50%  alcohol,  were  reduced  in  1  kg.  of  amyl  alcohol  with  75  g. 
of  sodium.  On  concentration,  the  ethereal  extract  yielded  an  amber  colored  oil  which 
was  dissolved  in  150  cc.  of  absolute  alcohol  and  made  acid  to  congo  red  by  the  addition 
of  dry  hydrogen  chloride.  On  standing  in  the  refrigerator,  the  almost  colorless  solution 
became  deep  red-brown  and  deposited  colorless  needles  which  were  collected  and  washed 
with  cold  absolute  alcohol.    The  yield  was  12.5  g. 

a-Tetrahydrocinchonane. — On  converting  the  above  salt  as  usual  into  the  base 
an  oil  was  obtained  which  partially  crystallized  on  standing.  When  the  mixture  was 
dissolved  in  hot  ligroin,  cooled,  and  seeded,  a  gradual  deposition  of  the  base  occurred. 
A  second  recrystallization  from  ligroin  yielded  stout  cream  colored  prisms  which  melted 
at  116.5-117.5**  (corr.)  and  were  readily  soluble  in  organic  solvents,  except  ligroin. 
[afi  is  209.0"  in  absolute  alcohol,  c  =  1.000,  a  value  practically  the  same  as  the  specific 
rotation  of  a-hexahydrocinchonane.  The  solution  of  its  hydrochloride  gives  the  same 
color  reactions  as  the  latter  with  ferric  chloride,  permanganate  and  diazotized  sulfantlic 
acid. 

Analyses.  Calc.  for  CH^Ni:  C.  80.80;  H,  9.29;  N.  9.93.  Found:  C,  81.25; 
H,  9.24;  N,  9.90. 

To  establish  its  relationship  to  a-hexahydrocinchonane,  the  tetrahydro  compound 

w  Tras  JoOTNAL,  42, 1492  (1920). 
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was  reduced  in  dil.  acetic  add  with  palladium  black  and  hydrogen.  a-Hexahydro- 
cinchonane  was  isolated  from  the  resulting  solution. 

Since  the  products  contained  in  the  mother  liquor  from  the  crude  a-tetrahydro- 
cinchonane  dihydrochloride  proved  too  soluble  for  separation,  a  due  to  the  nature  of  the 
main  products  of  the  reduction  was  obtained  by  reduction  with  palladium  and  hydrogen. 
The  mother  Hquor  was  accordingly  concentrated  to  remove  alcohol  and  the  residue 
dissolved  in  200  cc.  of  water,  a  solution  of  0.1  g.  of  palladious  chloride  added  and  the 
mixture  reduced  with  hydrogen.  When  absorption  was  complete,  the  filtrate  was  con- 
centrated to  dnmess  in  vacuo,  redissolved  in  absolute  alcohol,  concentrated  again,  and 
the  process  repeated  to  remove  all  water.  On  dissolving  the  residue  in  200  cc.  of  absolute 
alcohol  it  crystallized  rapidly,  and  yidded  10  g.  of  hydrochloride  which  on  frac- 
tional recrystallization  from  water  gave  3  g.  of  the  characteristic  crystals  of  a-hexa- 
hydrocinchonane  dihydrochloride.  This  would  indicate  that  the  original  separation  of 
the  hydrochloride  of  a-tetrahydrocinchonane  from  the  other  products  of  the  reduction  of 
cinchonine  had  been  incomplete. 

On  treatment  with  hydrobromic  add  the  aqueous  mother  liquor  from  the  a-di- 
hydrochloride  yidded  the  6-sided  platdets  of  hexahydrocinchonine  dihydrobromide. 

The  alcoholic  mother  liquor  from  the  above,  hydrochlorides  gave,  on  concentration, 
a  copious  oystallization  of  /?-hexahydrocinchonane  dihydrochloride. 

D.    Reduction  of  Dihydroquinine 

Sixty  g.  of  dihydroquinine,  recrystallized  from  toluene,**  were  reduced  as  in  previous 
cases  with  sodium  in  amyl  alcohol.  After  remov^  of  the  latter,  an  oily  base  was  obtained 
by  extraction  with  ether.  This  was  dissolved  in  200  cc.  of  absolute  alcohol,  cooled,  and 
made  add  to  congo  red  by  passing  dry  hydrogen  chloride  through  it.  A  small  test 
portion  of  the  solution  was  partially  predpitated  with  ether.  The  gummy  precipitate 
was  dissolved  in  a  little  absolute  alcohol  and  then  ether  was  added  cautiously,  causing 
crystallization  to  occur  gradually.  When  the  main  solution  was  seeded  and  kept  at 
room  temperature  (gdatinization  occurred  in  the  refrigerator),  a  copious  separation  of 
hair-like  needles  and  denser  crystals  occtured.  After  washing  with  a  little  absolute 
alcohol  the  salt  wdghed  29  g.  The  mother  liquors  from  this  salt,  treated  with  ether  and 
allowed  to  stand,  yidded  a  small  quantity  of  fibrous  needles  which  appeared  to  be  the 
salt  of  a  different  base.  The  quantity  of  this  substance  at  our  disposal  and  pressure  of 
other  work  prevented  the  completion  of  the  study  of  this  fraction  and  other  substances 
contained  in  the  mother  liquors. 

Hexahydroqninihe  Dihydroddoride,— To  recrystaUize  the  above  first  fraction 
it  was  dissolved  in  the  minimum  amotmt  of  boiling  methyl  alcohol,  cooled,  and  treated 
with  dry  ether.  The  crystals  thus  formed  were  recrystallized  until  the  optical  rotation 
had  become  constant,  yielding  about  16  g.  of  optically  pure  salt.  It  formed  prac- 
tically colorless  rhombic  plates  which  mdted  at  271-273^  with  gas  evolution  and 
prdiminary  softening.  Although  readily  soluble  in  ordinary  boiling  methyl  and  ethyl 
alcohols,  the  salt  is  rather  sparingly  soluble  in  the  dry  solvents  and  almost  insoluble  in 
dry  acetone  and  chloroform.  It  dissolves  easily  in  water,  and  the  solution  gives  with 
ferric  chloride  an  emerald-green  color  which  changes  to  an  orange  color  on  long  standing. 
[apD^  is  —36.6®  in  water;  c~  1.067.  Sodium  bromide  salts  out  the  dihydrobromide  as 
lustrous  plates.     Attempts  to  obtain  the  free  base  in  crystalline  form  were  unsuccessful. 

Analyses.  Calc.  for  C2oH»OiN,.2HCl :  C,  59.52;  H,  8.00;  N,  6.95;  CI,  17.59. 
Found:  C,  69.68;  H,  7.92;  N,  7.10;  CI,  17.60. 

"  In  an  experiment  in  which  a  less  pure  product  was  used  considerable  charring 
occurred. 
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N-Nitroso-hexahydroquinine  Hydrochloride. — A  solution  of  the  salt  in  3  p9rts 
of  water  and  a  few  drops  of  acetic  acid  was  treated  in  the  cold  with  a  slight  excess 
of  sodium  nitrite.  The  hydrochloride  soon  crystallized  as  radiating  masses  of  delicate 
needles  which  changed  on  standing  to  glistening,  pale  yellow  rhombs  and  prisms  which 
were  recrystallized  twice  from  water  containing  a  little  hydrochloric  add.  It  turns 
lemon-yellow  when  heated,  melts  at  212-213  "  with  decomposition,  and  is  fairly  soluble 
in  water  and  alcohol,  especially  on  boiling.  It  gives  the  Liebermann  reaction  and  its 
aqueous  solution  is  not  changed  at  once  by  permanganate  or  ferric  chloride,  [a]^  is 
-85.1*  in  water;  c-1.034. 

Analyses.  Calc.  for  C«)H„03N,.HC1:  N,  10.62;  CI,  8.96.  Found:  N,  10.76; 
CI,  8.92. 

N-6enzoyl-hexahydroquinine. — The  dried  sirupy  base  from  4.1  g.  of  hexahydro- 
quinine  dihydrochloride  was  treated  with  15  cc.  of  benzoyl  chloride  and  heated  on  the 
water-bath  for  1  hour,  after  which  benzene  was  added  and  the  solution  treated  with 
very  dilute  hydrochloric  acid  and  ice.  A  gum  separated  which  gradually  dissolved 
when  the  mixture  was  shaken  and  ether  was  added  to  facilitate  the  process.  The 
aqueous  layer  was  then  covered  with  ether,  treated  with  ice  and  a  slight  excess  of  alkali, 
and  quickly  shaken  out.  The  dried  ethereal  extract  left  a  viscous  oil  which  crystallized 
after  several  days.  Dissolved  in  hot  ligroin,  then  cooled  and  seeded,  the  base  formed 
lustrous  platelets  which  were  purified  by  solution  in  a  little  benzene  and  addition  of 
ligroin.  It  melts  at  160-160.5°  with  slight  preliminary  softening  and  is  soluble  in  the 
usual  solvents,  except  ligroin.  It  does  not  give  a  color  with  ferric  chloride,  [afif  is 
-115.2°  m  absolute  alcohol;  c  =  1.088. 

Analyses.  Calc.  for  CmHmOsNj:  C,  74.61;  H,  7.89;  N,  6.45.  Found:  C,  74.81; 
H,  8.12;  N,  6.69. 

Summary 

Reduction  of  dihydrocinchonine  with  sodium  and  amyl  alcohol  yielded  a 
mixture  of  hexahydrocinchonine  and  two  epimeric  hexahydrocinchonanes 
in  the  last  of  which  the  alcoholic  group,  as  well  as  the  quinoline  ring, 
had  suffered  reduction.  These  two  bases  were  also  obtained  by  reduction 
of  dihydrocinchonane.  The  relationships  of  these  compounds  to  those 
obtained  by  reduction  with  zinc,  and  by  the  reduction  of  cinchonine  were 
worked  out,  and  necessary  intermediates  and  derivatives  described.  Di- 
hydroquinine  was  also  reduced,  yielding  mainly  a  hexahydroquinine. 
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SYNTHESES  IN  THE  CINCHONA  SERIES.  IX.  CERTAIN  QUIN- 
ICINE  AND  BENZOYLCINCHONA  SALTS,  CRYSTALLINE  ETHYL 
DIHYDROCUPREINE    (OPTOCHIN)    BASE,    AND    OTHER    DE- 

RIVATIVESi 

By  Michaei*  Heidelberger  and  Wai^ter  A.  Jacobs 

Received  July  28,  1921 

In  the  present  communication  experiments  on  a  nmnber  of  miscellaneous 
cinchona  derivatives  are  assembled,  many  of  which  were  used  as  initial 
material  for  other  work,  as  will  appear  in  the  subsequent  papers. 

Very  few  quinicine  (quinotoxine)  bases  or  salts  have  been  obtained 
crystalline  up  to  the  present,  and  recom-se  has  usually  been  had  to  the 
oxalate  or  some  similar  salt  if  a  crystalline  compound  was  indeed  obtained. 
In  nearly  every  case  investigated  by  us,  however,  either  the  monohydro- 
chloride^  or  the  dihydrochloride  could  be  made  to  crystallize  with  little 
difficulty  under  suitable  conditions,  and  in  the  exceptions  noted  the 
neutral  sulfate  or  hydrobromide  crystallized  readily.  Of  these  salts, 
besides  dihydroquinicine  sulfate,  already  studied  by  Hesse,'  there  are 
described  in  the  present  paper  N-methyl-quinicine  dihydrochloride  (I), 
N-methyl-dihydroquinicine  hydrochloride,  N-ethyl-quinicine  hydro- 
chloride, N-ethyl-dihydroquinicine  hydrochloride,  N-benzyl-dihydro- 
quinicine  hydrochloride,  ethyl-dihydroOupreicine  (optotoxin)  sulfate, 
and  dihydrocupreicine  hydrobromide,  a  salt  of  a  new  quinicine,  (II) 

H        H 

I  I 

-c — c c 

CH,Or  Y  ^      ;;        A        il  H^cAcHCH:CH, 

N— CH, 

h/\ci 

I 

H        H 

I  I 

c — c c 


HoA^^     «   ""'"^n 


JCHCH»CH, 
CH, 

N  N 

I 
H 

II 


*  Presented  at  the  Annual  Meeting  of  the  American  Chemical  Society,  New  York, 
September,  1921. 

*  For  the  hydrochloride  of  quinicine  itself,  see  This  Journai.,  41, 832  (1919). 
«  Hesse,  Ann.,  241,  273  (1887). 
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corresponding  to  dihydrocuprdne  and  dihydrocupreidine.*    Also  in  the 

quinicine  series  there  are  described  the  salts  of  two  glycine  derivatives 

in  which  the  NH  group  of  the  piperidine  nucleus  has  been  condensed  with 

chloro-acetyl  derivatives  of  aromatic  amines. 

We  have  also  described  benzoyl-cinchonidine  dihydrochloride,  benzoyl- 

dihydrodnchonidine     hydrochloride,     benzoyl-quinine     dihydrochloride, 

and  benzoyl-dihydroquinine  hydrochloride  which,  as  far  as  we  know,  are 

new.    Cinchotenine  methyl  ester, 

CH 

HjC'^^CHCOOCH, 
H 


r-i 


CH, 

I 
CH, 

OH     H     N 


CH, 


N 

cinchotenine  ethyl  ester  hydrochloride,  and  cupretenine  (quitenol)  methyl* 
ester  dihydrochloride,  we  also  beUeve  have  not  been  described. 

Hitherto  only  crystalline  salts  of  ethyl  dihydrocupreine  (optochin) 
have  been  prepared,*  and  Giemsa  and  Halberkann  report  their  inabiUty 
to  crystallize  the  base.  It  was  found,  however,  that  after  the  initial 
crystals  had  been  obtained  by  spontaneous  evaporation  of  a  toluene 
solution,  the  base  could  readily  be  obtained  crystaUine  by  seeding  con- 
centrated solutions  in  this  solvent,  separating  as  irregular  leaflets  contain- 
ing toluene  of  crystaUization,  at  least  a  part  of  which  is  retained  on  air 
drying. 

Finally,  the  ethyl  bromides  of  dihydroquinine  and  ethyl-dihydrocu- 
preine  are  described,  as  well  as  the  dihydrobromide  of  hydrobromocu- 
preine  (or  hydrobromo-apoquinine),  and  existing  data  on  hydrobromo- 
cinchonidine  are  completed. 

Experimental* 
A.    Quinicine   Salts 

Dihydroquinicine  Sulfate.''  — Dihydroquinicine  was  prepared  from  dihydroquinine* 
sulfate  according  to  v.  Miller,  Rohde  and  Fussenegger*  and  the  crude,  oily  base  neutral- 
ized to  wet  litmus  in  absolute  alcohol  with  30%  aqueous  sulfuric  add  and  treated  with 
dry  ether  until  the  initial  turbidity  just  redissolved.  The  salt  separated  on  rubbing,  and 
was  recrystallized  by  dissolving  in  hot  95%  alcohol,  cooling,  adding  an  equal  volume  of 
acetone,  seeding  and  letting  stand  in  the  cold.  It  has  the  properties  mentioned  by 
Hesse,  and  in  addition,  comes  to  equilibrium  in  the  air  with  3  molecules  of  water  of  crys- 

*  This  Journal,  41,  821,  827  (1919). 

» Ibid.,  41,  824  (1919).     Giemsa  and  Halberkann,  Ber.,  51, 1332  (1918). 

*  Melting  points  and  optical  rotations  were  determined  as  in  previous  papers. 
^  Not  fully  described  by  Hesse,  Ref.  3. 

•  Tras  Journal,  41,  819  (1919).    Ger.  pat.  252,136. 

•  V.  Miller,  Rohde  and  Fussenegger,  Ber.,  33, 3228  (1900). 
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tallizatioii  (or  its  equivalent).  When  anhydrous,  it  gives  [a]^*^  —8.3^  in  water, 
c= 0.968,  and  softens  and  turns  yellow  at  173®,  melting  at  174-176°  to  a  brown  liquid. 
The  dried  salt  dissolves  readily  in  absolute  methyl  or  ethyl  alcohol,  separating  from  the 
latter  on  rubbing,  prestunably  with  alcohol  of  crystallization. 

Analyses,  Calc.  for  (C»H,iO,N0i.H,SO4.3H,O:  H,0,  6.72.  Found:  6.67. 
Calc.  for  (C«HjiOiN,)i.H,S04:  N,  7.47;  SO4,  12.79.    Found:  N,  7.47,  SO4,  12.68. 

N-Methylquinicine  Dihydrochloride. — Quinidine  methiodide  was  decomposed 
according  to  the  method  Freund  and  Rosenstein^*^  used  in  the  case  of  cinchonine  meth- 
iodide, namely,  heating  in  an  autoclave  with  an  excess  of  strong  alkali.  According  to  the 
literature  the  salts  are  oily,  but  a  test  portion  eventually  crystallized  when  treated  with 
an  excess  of  cone,  hydrochloric  acid,  diluted  with  dry  acetone,  and  allowed  to  evaporate 
spontaneously,  with  replacement  of  the  acetone  from  time  to  time  and  rubbing.  The 
base  was  accordingly  dissolved  in  a  little  absolute  alcohol,  aci^ed  to  wet  congo  red 
paper  with  cone,  hydrochloric  acid,  diluted  with  dry  acetone  until  the  initial  turbidity 
just  redissolved,  and  seeded.  Crystallization  of  the  salt  as  rhombic  aggregates  was 
completed  by  rubbing  and  adding  more  dry  acetone  from  time  to  time.  The  dihydro- 
chloride was  recrystallized  by  a  similar  process.  The  air-dry  salt  dissolves  readily  in 
water  with  a  bright  yellow  color,  appearing  greenish  in  thin  layers  and  turning  more 
greenish  on  dilution.  It  has  a  definite  anesthetic  effect  on  the  tip  of  the  tongue.  Dried 
in  vacuo  at  room  temperature  over  sulfuric  add  it  gives  [a]^  +16.6**  in  water,  c= 0.992, 
and  softens  at  140-150**  to  a  jelly,  melting  at  153-156°  to  give  a  yellow  liquid  containing 
bubbles.  The  substance  gives  the  thalleoquinine  test.  The  base  obtained  from  the 
purified  salt  did  not  cnrstallize. 

Analyses.  Calc.  for  Ca1HMO2N2.2HCl.HjO:  H2O,  4.20.  Found:  4.63.  Calc.  for 
C«H,«0iN,.2HCl:  N,  6.82;  CI,  17.24.    Found:  N,  6.91;  CI,  16.89. 

N-Methyl-dihydroquinidne  Hydrochloride. — Sixty  g.  of  dihydroquinine  methio- 
dide were  heated  for  4  hours  at  160-165°  in  an  autoclave  with  300  cc.  of  water  and  22  g. 
of  sodium  hydroxide."  The  oil  obtained  from  the  ether  extract  was  taken  up  in  abso- 
lute alcohol.  After  neutralizing  with  absolute  alcoholic  hydrochloric  acid  the  solution 
was  concentrated  in  vacuo,  dissolved  in  the  minimum  amount  of  dry  acetone,  and 
seeded  with  crystals  obtained  from  a  similarly  treated  test  portion.  Concentration  of 
the  mother  liquor  and  addition  of  ether  yielded  a  second  crop,  a  total  of  25  g.  being  ob- 
tained. Recrystallized  from  absolute  alcohol  by  the  addition  of  dry  ether,  the  hydro- 
chloride separates  as  cream  colored  microscopic  prisms  and  needles  with  wedge-shaped 
ends.  It  dissolves  in  water  to  form  a  solution  with  a  dull  yellow  color,  which  changes  to 
the  characteristic  bright  yellow-green  of  the  quinidne  di-acid  salts  on  adding  dil. 
hydrochloric  add.  An  aqueous  solution  has  a  slowly  devdoping,  definite  anesthetic 
effect  on  the  tip  of  the  tongue.  The  air-dry  salt  softens  to  a  jelly  at  about  120  **  and  melts  ' 
completdy  at  about  145**.  The  anhydrous  compound,  when  rapidly  heated  to  150**, 
then  slowly,  mdts  to  a  jelly  at  150-153°  and  is  completdy  fluid  at  163**.  It  dissolves 
readily  in  absolute  alcohol,  dry  acetone,  or  chloroform,  and  gives  [oj^o*^  —9.4**  in 
water;  c  =  1.015. 

Analyses,  Calc.  for  CiiH28O2N2.HC1.0.5H,O:  H2O,  2.34.  Found:  2.93.  Calc. 
forCiiHasOjNi.HCl:  N,  7.44;  CI,  9.41.    Found:  N,  7.46;  CI,  9.27. 

The  base  obtained  from  the  purified  salt  failed  id  crystallize. 

N-£thyl-qninidne  Hydrochloride. — ^The  oily  base  obtained  from  quinidine  ethyl 
bromide  was  converted  into  the  salt  as  in  the  preceding  cases .  Recrystallized  twice  from 
95%  alcohol,  it  separates  as  faintly  yellow,  short  rods  which  are  anhydrous.  It  is 
quite  soluble  in  dry  methyl  alcohol  and  slowly  but  freely  soluble  in  water,  the  aqueous 

»  Freund  and  Rosenstein,  Ann.»  277, 279  (1893). 
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solution  being  weakly  bitter  and  having  definite  anesthetic  properties.  It  gives  a  dark 
blue-gray  thalleoquinine  test,  changing  to  lilac.  When  rapidly  heated  to  200**,  then 
slowly,  it  softens  at  201**,  and  melts  at  202-204**  to  a  dark  liquid  which  slowly  decom- 
poses, [afo  ^  H-68.1**  in  water,  c==  0.665,  a  much  higher  value'than  that  obtained  in 
the  case  of  other  closely  related  salts. 

Analyses.  Calc.  for  CMHwOiNa.HCl:  N,  7.21;  CI,  9.12.  Found:  N,  7.33;  Q, 
9.02. 

N-£thyl-dihydroquinicine  Hydrochloride. — This  salt,  obtained  from  dihydro- 
quinine  ethyl  bromide  (see  below),  was  recrystallized  from  absolute  alcohol  and  forms 
rosets  of  minute  platelets  which,  when  rapidly  heated  to  195**,  then  slowly,  soften  to  a 
dark  tar  at  196-198**  and  melt  completely  at  202°.  It  dissolves  readily  in  dry  methyl 
alcohol  or  chloroform,  less  readily  in  absolute  alcohol,  and  sparingly  in  boiling  dry 
acetone,     [a J^J  is  — 14.4 °  in  water ;c-l .007.    It  also  has  anesthetic  properties. 

Analyses.  Calc.  \ot  CaHjoOjNa.HCl:  N,  7.17;  CI,  9.07.  Found:  N.  7.88;  CI, 
8.98. 

N-Benzyl-dihydroquinicine  Hydrochloride.^' — The  crude  base  was  taken  up 
in  dry  acetone,  neutralized  with  absolute  alcoholic  hydrochloric  acid,  and  seeded  with 
crystals  obtained  by  evaporating  a  neutral  alcoholic  solution,  adding  dry  acetone,  and 
letting  stand.  The  yield  was  10.1  g.  Recrystallized  from  absolute  alcohol  with  the 
aid  of  dry  ether  the  salt  forms  rosets  of  long,  narrow  platelets.  It  dissolves  readily  in 
methyl  alcohol  or  chloroform,  less  easily  in  cold  absolute  alcohol,  and  turns  gummy 
under  a  little  water,  dissolving  on  dilution  without  color,  and  turning  pale  yellow  on 
adding  hydrochloric  acid.  When  rapidly  heated  to  160**,  then  slowly,  it  melts  with 
slight  preliminary  softening  at  161-164**,  with  slow  decomposition,  [al^o^  *»  50% 
alcohol  Is  —  65.9  ** ;  c  =  1 .093 .    It  also  has  anesthetic  properties. 

Analyses.  Calc.  for  Ci7H»02N2.HCl:  N,  6.19;  CI,  7.83.  Found:  N,  6.23;  CI, 
7.71. 

Ethyl-dihydrocupreicine  (Optotoxine)  Sulfate. — Although  the  quinidne  prepared 
from  ethyl-dihydrocupreine  (optochin)  is  mentioned  by  Morgenroth^'  we  have  bcJen 
unable  to  find  any  description  of  the  base  or  its  salts.  The  sulfate  was  found  to  crystal- 
lize readily,  and  was  prepared  as  follows:  50  g.  of  ethyl-dihydrocupreine  (Zimmer)  were 
dissolved  in  600  cc.  of  water  and  100  cc.  of  50%  acetic  acid  and  boiled  in  an  oil-bath  for 
30-35  hours."  The  free  base  obtained  from  the  brown-orange  solution  was  taken  up  in 
absolute  alcohol  and  made  very  slightly  acid  with  cone,  sulfuric  acid.  The  sulfate  sepa- 
rated slowly  when  left  in  the  cold  and  after  rubbing.  The  filtrate  yielded  more  when 
treated  with  dry  acetone  and  ether.  The  yield  was  28  g.  Recrystallized  from  absolute 
alcohol  it  forms  voluminous,  hair-like  needles  which  dissolve  in  water  to  form  a  solution 
with  a  pale  greenish-yellow  color  changing  to  an  intense  lemon-yellow  with  a  httle  mineral 
acid.  The  anhydrous  salt  melts  at  164r-166**  to  give  a  yellow  liquid,  has  [a]^  —7.8** 
in  water,  c  =  1.090,  dissolves  readily  in  methyl  alcohol,  rather  sparingly  in  cold  absolute 
alcohol,  and  gelatinizes  imder  dry  chloroform,  dissolving  with  difficulty.  It  acts  as  an 
anesthetic  on  the  tip  of  the  tongue. 

Analyses.  Calc.  for  2.5  HjO:  5.47.  Calc.  for  1  CHsOH:  5.59.  Found:  6.81. 
Calc.  for  (C«H2802N2)2.H2S04:   N,  7.20;  SO4",  12.33.    Found:  N,  7.41;  SO*",  12.34. 

Dlhydrocupreicine  Hydrobromide. — Twenty-five  g.  of  crude,  oily  dihydroquini- 
cine**  were  demethylated  with  aqueous  hydrobromic  acid  (sp.  gr.  1.49).**    The  solution 

"ThisJournai<,  41, 2102  (1919). 

"  Morgenroth.  cf.  C.  A.,  13,  2207  (1919). 

"  Cf.  v.  Miller  and  Rohde,  Ber.,  28,  1064  (1895). 

"  P.  1086. 

«  Cf.  This  Journal.  41, 821  (1919). 
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was  concentrated  to  dryness  in  vacuo,  taken  up  in  a  little  hot  water,  cooled,  and  10% 
aqueous  sodium  hydroxide  was  cautiously  added  until  considerable  precipitate  formed 
but  the  solution  still  remained  faintly  acid  to  litmus.  The  collected  salt  was  recrystal- 
lized  from  water,  separating  as  olive-yellow  aggregates  of  pointed  platelets.  The  yield 
was  12.5  g.  The  hydrobromide  melts  slowly,  with  slight  preliminary  softening,  at 
213-215®  to  a  brown  liquid  which  gradually  blackens.  It  dissolves  in  water  to  form  a 
solution  with  a  yellow  color,  which  becomes  more  intense  on  fmther  addition  of  acid. 
A  dilute  aqueous  solution  gives  a  deep  olive-brown  color  with  ferric  chloride  and,  when 
made  alkaline,  couples  readily  with  diazotized  sulfanilic  add.  It  dissolves  with  difficulty 
in  cold  absolute  alcohol,  more  easily  on  boiling,  and  is  quite  soluble  in  cold  dry  methyl 
alcohol.  A  concentrated  aqueous  solution  gives  an  orange  colored  precipitate  of  the 
base  with  ammonia,  but  the  base  could  not  be  made  to  crystallize,  [a]^'^  in  water  is 
-5.4*;  c=0.827. 

Analyses,  Calc.  for  Ci.H,40,N,.HBr:  N,  7.13;  Br,  20.32.  Found:  N,  7.31; 
Br,  20.11. 

B.  Glycine  Derivatives  of  Quinicine 

Quinicylglycin-anilide  Dihydrochloride,  R:N.CH,C0NHC«Hj2HCl.— Four  g. 
of  quinicine  oxalate,  1.7  g.  of  chloro-acetanilide,  2  g.  of  sodium  iodide,  4  g.  of  crystalline 
sodium  acetate,  25  cc.  of  alcohol,  10  cc.  of  N  sodium  hydroxide  solution,  and  15  cc.  of 
water  were  boiled  on  the  water-bath  for  3  hotu^,  with  a  little  more  alcohol  to  hold  in 
solution  the  brown  oil  which  soon  began  to  separate.  An  additional  10  cc.  of  N  sodium 
hydroxide  was  finally  added  and  the  mixtiu-e  diluted  with  hot  water,  precipitating  a 
greenish  gum  which  resisted  all  efforts  at  crystallization.  After  washing  with  water  it 
was  treated  with  about  25  cc.  of  1:1  hydrochloric  acid.  The  dihydrochloride  which 
crystallized  was  taken  up  in  hot  water,  the  solution  boiled  with  bone  black  to  remove 
impurities,  and  the  filtrate  chilled  and  treated  with  hydrogen  chloride  until  just  turbid. 
The  salt  separated  as  sheaves  and  rosets  of  delicate,  pale  yellow  needles.  Crystalliza- 
tion was  completed  by  passing  in  more  hydrogen  chloride,  the  total  yield  being  2.3  g. 
The  substance  is  rather  sparingly  soluble  in  cold  water,  more  easily  on  warming,  with  a 
yellow  color,  and  when  dry  gradually  sinters  to  a  jelly  above  130**,  melting  and  evolving 
gas  at  about  190**. 

Analyses.  Calc.  for  C28H,iO,N,.2HCl:  N,  7.93;  CI,  13.37.  Found:  N,  8.16; 
CI,  13.95. 

Qu]iiiqrlgl7cine-/>-hydrozyanilide  Acid  Sulfate. — This  substance  was  prepared  as 
in  the  case  of  the  preceding  compound,  using  p-chloro-acetylamino- phenol. "  As  neither 
the  base  nor  the  dihydrochloride  crystallized,  the  crude  product  was  nibbed  with  25% 
sulfuric  add,  when  it  soon  became  crystalline.  RecrystaUized  from  50%  alcohol 
containing  a  drop  of  dil.  sulftu-ic  acid,  it  formed  rosets  of  orange  colored  leaflets  and 
needles  which  were  dried  in  vacuo.  It  melts  at  21 2-215**  with  preliminary  darkening  and 
softening,  and  is  very  difficultly  soluble  in  cold  water  but  dissolves  on  boiling.  It  is  also 
sparingly  soluble  in  absolute  alcohol  or  dry  methyl  alcohol,  and  dissolves  in  dil.  sodium 
hydroxide  solution  with  the  formation  of  a  pale  yellow  color. 

Analyses.  Calc.  for  CnUnO^i.KiSO*:  N,  7.36;  S04=",  16.82.  Found:  N,  7.28; 
SO*-,  17.12. 

C.  Hydrochlorides  of  Certain  Benzoylated  Cinchona  Alkaloids 
Benzoyl-cuichonidine    Dihydrochloride. — Thirty   g.    of    powdered    cinchonidine 
were  added  in  small  portions  to  60  g.  of  benzoyl  chloride  on  the  water-bath,  with  stirring.  *^ 

»•  This  Journal,  39, 1442  (1917). 

"  Cf.  Wunsch,  Compt.  rend.,  119, 407  (1894). 

Digitized  by  LjOOQ IC 


1096  MICHAEL  HEIDELBERGER  AND  WALTER  A.  JACOBS 

The  salt  suddenly  separated  before  all  of  the  alkaloid  had  gone  into  solution  and  heating 
was  continued  for  45  minutes.  An  equal  volume  of  dry  acetone  was  added  and  the 
mixture  boiled  under  a  reflux  condenser  until  the  lumps  had  hardened,  after  iidiich 
they  were  ground  up  in  a  mortar  and  again  boiled  for  several  hours.  The  yield  was 
33.8  g.  RecrystaUized  from  absolute  alcohol  by  the  addition  of  dry  ether,  the  salt 
formed  rosets  of  club-shaped,  prismatic  needles.  The  anhydrous  salt  darkens  and 
sinters  above  200  **,  melting  and  decomposing  at  208-21 1  ^ ;  it  dissolves  readily  in  water  or 
methyl  alcohol,  less  easily  in  dry  chloroform,  and  sparingly  soluble  in  cold  absolute 
alcohol  but  readily  on  warming. 

Analyses.  Calc.  for  C»HwO,N,.2HCl.H,0:  H,0,  3.68.  Found:  3.05.  Cak.  for 
CmH«0,N,.2HC1:  N,  5.95;  CI,  15.04.    Found:  N,  5.99;  CI,  14.77. 

Benzoyl-dihydrocinchonidine  Hydrochloride. — When  19.7  g.  of  benzoyldnchon- 
idine  dihydrochloride  were  dissolved  in  150  cc  of  water,  treated  with  5  cc.  of  2% 
palladious  chloride  solution,  and  shaken  with  hydrogen,  the  calculated  amount  of  gas 
was  absorbed.  The  filtered  solution  was  diluted  and  the  base  precipitated  with  am- 
monia, 15.4  g.  of  amorphous  product  being  obtained.  A  solution  of  the  base  in  absolute 
alcohol  was  neutralized  with  absolute  alcoholic  hydrochloric  acid  and  treated  with 
dry  ether.  The  salt  thus  obtained  was  jecrystallized  by  a  similar  process  and  formed 
rhombic  crystals  which  were  air-dried.  It  is  rather  sparingly  soluble  in  water,  dissolves 
slowly  but  freely  in  absolute  alcohol  or  dry  acetone,  and  is  easily  soluble  in  dry  chloro- 
form. The  anhydrous  salt  gives  [afi'^  -f  124.9®  in  absolute  alcohol,  c  =  1.093,  and 
softens  to  a  jelly  at  160-165®,  gradually  melting  at  185-190®  to  form  a  yellow  liquid 
filled  with  bubbles. 

Analyses.  Calc.  for  CMH„0aN2.HCl.H,0:  H,0,  3.96.  Found:  3.74.  Calc  for 
CwH,.0,N2.HCl:  N,  6.42;  CI,  8.12.    Found:  N,  6.65;  CI,  8.19. 

Benzo^quinine  Dihydrochloride. — Anhydrous  quinine  when  treated  45  minutes 
with  benzoyl  chloride  3delded  a  crystalline  salt.*^  This  was  recrystallized  as  in  the 
preceding  case,  forming  short,  transparent  prisms  which  were  warmed  to  60®  for  a  few 
moments,  evacuated  and  air-dried.  It  dissolves  readily  in  water,  methyl  alcohol  or 
chloroform,  and  somewhat  less  easily  in  absolute  alcohol.  The  anhydrous  salt  gives 
[«!"  +88.7®  in  water,  c=0.892,  and  when  rapidly  heated  to  225®,  thenslowly,  turns 
yellow  and  softens,  finally  melting  and  decomposing  at  229-232®. 

Analyses.  Calc.  for  C7H,80iNj.2HCl.H,0:  HiO,  3.59*.  Found:  4.21.  Calc  for 
C7H„0«N,.2HC1:  N.  5.59;  CI,  14.15.    Found:  N.  5.95;  CI,  13.96. 

Benzoyl-dihydroquinine  Hydrochloride. — Benzoylquinine  dihydrochloride  was  re- 
duced in  the  same  way  as  the  dnchonidine  analog,  and  the  crude,  amorphous  base  was 
converted  into  the  hydrochloride  as  in  the  case  of  the  dihydrodnchonidine  analog. 
The  solution  was  concentrated  to  dryness  in  vacuo  and  the  residue  was  dissolved  in  dry 
acetone,  treated  with  dry  ether,  and  then  with  ligroin  until  slightly  turbid.  The  salt 
gradually  crystallized  and  was  purified  by  a  repetition  of  the  process,  separating  as 
flat,  cream  colored  prisms  which  dissolve  sparingly  in  cold  water.  The  anhydrous  salt 
melts  and  decomposes  at  235-240®  with  preliminary  softening  and  gives  [a]^  +140.6® 
in  absolute  alcohol;  c  =  1.298. 

Analyses.  Calc.  for  C27H»O,Ni.HCl.0.5H,O:  HjO,  1.89.  Found:  1.92.  Cak. 
for  C37H30OJSVHCI:  N,  6.00;  CI,  7.60.    Found:  N,  6.10;  CI,  7.55. 

Tenine  Ester  Derivatives 

Cinchotenine  Jif  ethyl  Ester. — ^Anhydrous  cinchotenine  was  esterified  in  dry  methyl 
alcoholic  solution  by  satiu-alion  with  dry  hydrogen  chloride.  After  removing  the  alo^ol 
the  ester  was  obtained  from  an  aqueous  solution  of  the  residue  by  cautiously  adding 
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sodium  carbonate  solution.  Recrystallized  from  alcohol  it  forms  glistening  prismatic 
plates  which  dissolve  rather  sparingly  in  the  cold  in  the  usual  neutral  solvents.  When 
rapidly  heated  to  240**,  then  slowly,  the  ester  darkens  and  sinters  above  this  point, 
melting  and  decomposing  at  243-244.6**.     [a]"  m  methyl  alcohol  is  +118.7®;  c=«0.206. 

Analysis,    Calc.  for  CnHaOaNj:  N,  8.59.     Found:  N,  8.70. 

Cinchotenine  Ethyl  Ester  Hydrochloride. — ^This  salt  was  prepared  by  neutralizing 
a  solution  of  the  ester  base  in  absolute  alcohol,  and  treating  with  dry  ether.  The  salt 
separated  as  aggregates  of  minute  plates  which  decompose  at  about  250°. 

Analyses.  Calc.  for  C«)H24O^,.HC1.0.5H,O:  H2O,  2.34.  Found:  2.31.  Calc. 
for  C»H,4CW2.HC1:  CI,  9.41.    Found:  9.70. 

Cupretenine  (Quitenol)^^  Methyl  Ester  Dihydrochloride. — The  ester  was  prepared 
and  isolated  as  in  the  case  of  the  cinchotenine  analog.  The  dried,  amorphous  ester  was 
converted  into  the  dihydrochloride  by  means  of  an  excess  of  absolute  alcoholic  hydro- 
chloric add  and  the  solution  treated  with  dry  ether.  Reoystallized  in  the  same  way 
it  formed  rosets  of  silky  needles  which  gradually  softened  and  turned  yellow  when  heated, 
melting  to  a  paste  and  evolving  gas  at  about  200®.  It  is  readily  soluble  in  methyl  alcohol 
and  in  water,  the  aqueous  solution  coupling  with  diazotized  sulfanilic  acid  when  made 
alkaline. 

Analyses.  Calc.  for  Ci.H«04N,.2HCl:  N,  6.61;  CI,  17.07.  Found:  N,  6.70; 
CI,  16.30, 

Crystalline  Ethyl-dihydrocupreine  (Optochin)  and  Other  Simple  Cin- 
chona Derivatives 

Ethyl-dihydrocupreine  (Optochin). — I/ed  by  the  ease  with  which  we  found  di- 
hydroquinine  to  crystallize  from  toluene  we  attempted  to  obtain  ethyl-dihydrocupreine 
crystals  from  this  solvent.  The  base  dissolved  easily,  and  on  allowing  the  solution  to 
evaporate  spontaneously,  crystals  soon  formed  on  the  walls  of  the  vessel.  Five  g.  of  the 
amorphous  base  (Zimmer)  were  accordingly  dissolved  in  about  10  cc.  of  hot  toluene, 
cooled,  and  seeded,  the  base  gradually  crystallizing  as  aggregates  of  irregular  platelets 
which  were  again  recrystallized  from  toluene,  additional  amounts  being  obtained  from 
the  mother  liquors  on  adding  ligroin  and  seeding.  The  oystals  retained  toluene  of 
crystallization  even  on  air  drying,  but  as  the  combustions  obtained  on  such  products 
indicated  that  water  was  present  as  well,  we  are  unable  to  say  how  much  toluene  was 
retained.  The  air-dry  substance  gives  [a]^*^  —112.7*'  in  absolute  alcohol,  c  =  1.002, 
melts  at  80-4^  with  preliminary  softening,  and  is  less  soluble  in  benzene,  toluene,  or 
ligroin  than  in  the  other  usual  organic  solvents.  After  removing  the  toluene  and  water 
in  vacuo  first  at  room  temperattu-e,  then  at  100^,  the  residue  melted  at  123-128*'  with 
preliminary  softening  and  gave  [a]"  — 136.2*'  in  absolute  alcohol,  c - 1.005,  figures  com- 
parable with  those  given  by  the  best  commercial  specimens  of  the  amorphous  base. 

Analyses.  Subs.,  air-dry,  0.3254:  loss,  0.0510,  or  15.67%;  15.66  on  another  prep- 
aration.   Calc.  for  C21HMO2N1:  C,  74.07;  H,  8.29.    Found:  C,  74.31;  H,  8.17. 

Ethyl-dihydrocupreine  Ethyl  Bromide. — Two  g.  of  the  base  smd  a  slight  excess 
of  ethyl  bromide  were  boiled  in  dry  acetone  for  4  hours,  and  the  solvent  then  boiled  off. 
The  residue  gradually  crystallized  on  standing,  as  a  radiating  fibrous  mass.  This  was 
recnrstallized  by  dissolving  in  boiling  dry  acetone  and  adding  dry  ether.  After  further 
recrystallization  it  forms  rosets  of  minute,  rhombic  plates  which  dissolve  quite  readily 
in  water,  especially  on  warming.  The  anhydrous  bromide  gives  [a ]^  — 111.8®  in  water, 
c  =  1.100,  softens  to  a  viscous  mass  above  120°  and  at  185°  yields  a  completely  fluid, 

"  Quitenine  was  demethylated  by  boiling  with  hydrobromic  add  (sp.  gr.  1.49) 
instead  of  with  hydriodic  acid,  as  given  by  Bucher,  Monatsh.,  14,  603  (1893). 


Digitized  by  VjOOQIC 


1098  MICHABL  HEIDBLBERGER  AND  WALTER  A.  JACOBS 

yellow  mass  containing  bubbles.  It  dissolves  readily  in  methyl  or  ethyl  alcohol,  acetone, 
or  chloroform. 

Analyses.  Calc.  for  CuHMCWsBr.HiO:  H2O,  3.86.  Found:  3.89.  Calc  for 
CaiHMOiNaBr:  Br,  17.78.     Found:   17.72. 

Dihydroquinine  Ethyl  Bromide. — ^The  components  were  boiled  for  4  hours  in  a 
mixtiu-e  of  equal  volumes  of  dry  chloroform  and  dry  acetone.  Washed  with  acetone  and 
recrystallized  first  from  water  and  then  from  alcohol  by  adding  ether,  the  salt  formed 
resets  of  glistening  platelets.  When  anhydrous  it  gives  [a]^D*^  —111.1®  in  water 
c  =  1.004,  and  when  rapidly  heated  to  186**,  then  slowly,  melts  slo^dy  at  188-190*  with 
slight  decomposition.     It  is  less  soluble  in  acetone  than  the  optochin  derivative. 

Analyses.  Calc.  for  CMH8iO2N2Br.0.6H2O:  H2O,  2.03.  Found:  2.06.  Calc.  for 
C22H3i02N2Br:  Br,  18.36.    Found:   18.31. 

Hydrobromocinchonidine. — This  substrnce  was  prepared  as  in  the  case  of  the 
hydrobromo  compound  described  in  the  next  paragraph,  and  to  Leger's^'  description  we 
can  add  only  the  following  data.  When  rapidly  heated  to  175°,  then  slowly,  the  base 
discolors  somewhat  and  melts  to  form  a  reddish  liquid,  with  decomposition,  at  176-177*. 
[al^o^ -^  is  -226.8**  in  dry  methyl  alcohol;  c  =  0.1608. 

Analysis.     Calc.  for  CuHaONaBr:   N,  7.47.     Found:  N,  7.52. 

Hydrobromocupreine  (or  hydrobromo-apoquinine)dihydrobromide.~Ten  and  a 
half  g.  of  quinine  were  heated  for  6  hours  at  110®  in  an  oil-bath  with  60  cc.  of  hydro- 
bromic  acid  (sp.  gr.  1.49).  On  cooling  and  standing  for  several  days  the  above  salt 
crystallized.  Recrystallized  from  water  containing  a  little  hydrobromic  add,  the  di- 
hydrobromide  separated  as  delicate,  tawny,  voliuninous  needles.  The  3rield  was  4.5  g. 
Like  solutions  of  the  di-acid  dihydrocupreine  salts,  the  very  faintly  yellow  solution  in 
water  turns  a  deeper  yellow  on  neutralization  (the  reverse  of  the  phenomena  observed 
in  the  case  of  the  quinicines),  and  then  gives  a  pale  brown  color  with  ferric  chloride. 
The  base  is  precipitated  by  sodium  carbonate,  redissolving  on  adding  sodium  hydroxide 
to  yield  a  solution  which  couples  with  diazotized  sulfanilic  acid.  The  anhydrous  salt 
gives  [a]^D  —161.8®  in  water,  c  =  1.022,  and  softens  slightly  when  heated,  sintering  at 
190-195®  and  slowly  intumescing  at  197-203°.  It  is  somewhat  soluble  in  cold  absolute 
alcohol,  the  solution  crystallizing  on  rubbing. 

Analyses.  Calc.  for  Ci»HMOjN2Br.2HBr.3.5H20:  H,0,  10.23.  Found:  10.24. 
Calc.  for  Ci»H2s02N2Br.2HBr:  Br",  28.91.    Found:  29.20. 
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In  the  course  of  the  bacteriological  study  of  certain  cinchona  deriva- 
tives undertaken  in  conjunction  with  Dr.  Martha  Wollstein  and  Dr. 
Lloyd  D.  Felton  it  developed  that  in  general  the  dihydrogenated  alka- 
loids of  the  quinicine  type  (I)  were  less  pneumococcidal  than  the  original 
alkaloids  (II)  from  which  they  were  derived.    While  it  seemed  possible 

"  Leger,  Bull.  soc.  chim.,  [4]  25,  572  (1919). 

*  Presented  at  the  Annual  Meeting  of  the  American  Chemical  Society.  New  York, 
September,  1921. 
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that  this  effect  was  in  some  way  due  to  the  breaking  up  of  the  fused  quinu- 
clidene  nucleus  into  the  simpler  piperidine  ring,  it  seemed  also  possible  that 
the  loss  of  the  secondary  hydroxyl  group  might  play  a  part,  especially 
, C.CH,.CH,.CH  CH 


CH,0| 


O 


N 


H,c/NCHCH,CH8 


H,C 


/IX 


N 

i 


CHsO 


CHCH,CH, 


CH, 


I  II 

as  dihydroquinane  and  its  related  alkaloids,*  (III)  in  which  the  quinu- 
clidene  nucleus  is  still  intact,  had  previously  been  fotmd  to  be  less 
active  than  the  parent  alkaloids.  It  was  therefore  hoped  that  the  resto- 
ration of  the  secondary  alcohol  group  in  the  quinicine  series  would  enhance 
the  pneumococcidal  power  of  these  alkaloids.  While  it  was  foimd  possible 
to  reduce  the  keto  group  in  the  desired  sense,  the  resulting  alkaloids  (IV) 
were  devoid  of  marked  pneumococcidal  power,  even  when  the  tertiary 
character  of  the  piperidine  nitrogen  atom  was  restored  by  methylation 
or  ethylation. 
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The  reduction  was  accomplished  with  the  aid  of  palladium  black  and  hy- 
drogen, and  we  have  named  the  new  alkaloids  so  prepared  the  dihydro- 
cinchonicinols  and  dihydroquinicinols,  depending  on  whether  the  alkoxy 
group  is  absent  or  present.  It  is  obvious  that  in  the  reduction  of  the  keto 
group  the  central  carbon  atom  is  restored  to  its  original  condition  of  asym- 
metry, so  that  optical  isomers  should  result.  The  reduction  products 
proved,  as  expected,  to  be  mixtures  and,  depending  on  the  particular 
case,  could  be  separated  into  the  optical  isomers  either  as  the  free  base 
or  as  an  appropriate  salt.  In  every  case  the  d-  compound  proved  the  easier 
to  isolate,  and  of  those  investigated,  only  in  the  case  of  N-methyl-dihydro- 
quinicinol,  could  both  the  d-  and  /-  bases  be  obtained  crystalline.  Di- 
hydrocinchonicinol  was  separated  into  the  d-  and  /-  sulfates;  d-dihydro- 
quinicinol  crystallized,  but  the  /-  isomer  could  be  isolated  only  as  the 
«  Tms  JouRNAi,,  42,  1489  (1920). 
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dihydrochloride;  d-N-ethyl-dihydroquinicinol  and  d-O-ethyl-dihydro- 
cupreicinol  (V)  (corresponding  to  ethyldihydrocupreine,  or  optochin), 
were  obtained  crystalline,  and  while  in  the  former  case  a  second  dihydro- 
chloride was  obtained,  no  crystalline  derivative  of  /-O-ethyl-dihydro- 
cupreidne  could  be  prepared.  The  mixture  of  N-benzyl-dihydroquini- 
dnols  also  failed  to  yield  crystalline  derivatives. 

d-N-Methyl-dihydroquinicinol  and  d-N-ethyl-dihydroqninicinol  were 
also  prepared  by  alkylation  of  the  parent  d-dihydroquinidnol,  and  similar 
derivatives  were  also  formed  from  d-O-ethyl-dihydrocupreidnol,  crystal- 
lizing with  Uttle  difficulty. 


CiHjOf  .  Y    ^       Att    Tqr^rM      iCHCHiCHi 


An  interesting  consequence  of  the  restoration  of  the  secondary  hydroxyl 
group  in  the  case  of  the  dihydroquinicinols  (and  O-ethyl-dihydrocuprei- 
cinol)  was  the  restoration  of  the  bluish  fluorescence  of  the  bases  when 
dissolved  in  excess  nitric  or  sulfuric  acid,  thus  supporting  Xaufmann's 
statement  that  the  alkoxy  group  and  the  secondary  hydroxyl  are  necessary 
to  produce  this  phenomenon.'  The  dilute  acid  solutions  were  also  rela- 
tively stable  to  potassium  permanganate. 

It  is  hoped  soon  to  study  the  pharmacological  properties  of  this  new  scries 
of  alkaloids. 

Experimental 

d-  and  /-Dihydrocinchonicinol  Sulfates.^ — ^Pifty  g.  of  atr-dry  cinchonidne  oxalate 
were  dissolved  in  water  and  dil.  hydrochloric  add,  the  solution  made  aflraline  with 
sodium  hydroxide,  shaken  out  with  ether,  and  the  extract  dried  for  a  few  moments  and 
concentrated.  The  residue  was  taken  up  in  about  100  cc.  of  water  and  14  g.  of  cone 
sulfuric  add  and  shaken  in  an  atmosphere  of  hydrogen  with  the  palladium  blade  from  8 
cc.  of  2%  palladious  chloride  solution,  with  the  addition  of  3  cc.  of  the  palladium  chloride 
solution  after  reduction  had  commenced,  in  order  to  accderate  the  reaction.  The 
absorption  was  5570  cc.  (Calc.  for  2Hs,  5965  cc.).  In  a  later  experiment  cinchonidne 
oxalate  itself  was  reduced  after  dissolving  with  the  aid  of  an  equivalent  of  sulftuic  add 
and  the  absorption  fotmd  to  be  slightly  greater  than  that  calculated.  The  solution  was 
diluted,  decanted  from  the  palladium,  made  alkaline  with  sodium  hydroxide,  and  the 
base  extracted  with  ether.    The  ether  extract  was  thoroughly  dried,  finally  over  sodium 

»  Kaufmann,  Ber.,  46,  1827  (1913). 

*  After  most  of  the  work  on  the  quinicinols  had  been  completed  it  was  found  that 
Kaufmann  and  Huber  [Ber.,  46,  2919  (1913)1  mention  that  dnchonidnc  absorbs  4 
atoms  of  hydrogen,  giving  yellowish,  oily  "hydrocinchotoxol"  which  was  not  investigated. 
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hydroxide,  concentrated,  dissolved  in  160  cc  of  absolute  alcohol  and  made  just  barely 
acid  to  litmus  with  cone,  sulfuric  acid.  On  seeding  with  cnrstals  obtained  from  a  portion 
which  was  precipitated  with  dry  acetone  and  allowed  to  stand  for  several  days,  7.6  g.  of 
the  crude  <f-sulfate  gradually  crystallized.  This  was  recrystallized  first  from  absolute 
alcohol,  then  boiled  out  with  a  little  absolute  alcohol,  and  finally  dissolved  in  the  mini- 
mum amount  of  95%  alcohol.  Dry  acetone  was  then  added  to  marked  turbidity,  fol- 
lowed by  treatment  with  bone  black  and  filtering,  and  again  the  addition  of  dry  acetone  to 
incipient  turbidity.  The  rotation  of  the  salt  which  then  crystallized  was  found  to  have 
attained  a  constant  value. 

<f-Dihydrocinchonicinol  sulfate  forms  cream  colored,  microscopic  needles  which 
dissolve  readily  in  water  to  form  a  solution  with  a  pale  yellow  color  and  are  difficultly 
soluble  in  absolute  alcohol,  but  somewhat  more  so  in  dry  methyl  alcohol.  The  an- 
hydrous salt  sinters  and  tiuns  brown  at  222°,  melting  at  223-224*'  with  slow  gas  evolu- 
tion, and  gives  [afi  +  63.6**  in  water;  c  =  1.014. 

Analyses.  Calc.  for  (CiaiifONt)t.H|S04.2H,0:  HiO,  4.93.  Found:  6.23.  Calc. 
for  (C„H«iON,),.H,S04:  C,  66.65;  H,  7.84;  N,  8.07;  80%  13.83.  Found:  C,  66.36; 
H,  7.47;  N,  8.27;  SO"*.  13.98. 

The  filtrate  from  the  crude  (^sulfate  was  treated  with  dry  acetone  and  stirred 
until  the  initial  gummy  precipitate  dissolved  with  difficulty,  the  solution  bottled,  and 
allowed  to  stand  in  the  ice-box  for  about  2  weeks.  The  drab-colored  precipitate,  which 
resembled  the  first  fraction,  weighed  9.1  g.,  but  after  recrystallization  from  absolute 
akc^ol  only  2.2  g.  were  recovered,  and  the  product  was  strongly  levorotatory.  It 
was  accordingly  boiled  with  a  little  absolute  alcohol,  cooled,  the  colored  alcoholic  solution 
poured  oflf,  sind  the  residue  dissolved  in  boiling  dry  methyl  alcohol.  Dry  acetone  was 
then  added  to  incipient  turbidity,  the  solution  treated  with  bone  black  and  rapidly 
filtered;  more  dry  acetone  was  added  to  incipient  turbidity  and  the  mixture  allowed  to 
stand.  The  ^sulfate  separated  as  rosets  of  minute,  cream  colored  leaflets  which  were 
dried  in  vacuo  over  suUmic  acid.  [afS  in  water  was  constant  at  —57.3**;  c  =  1.109. 
When  rapidly  heated  to  230®,  then  slowly,  the  salt  melts  with  preliminary  softening  at 
232-234**,  with  gas  evolution.  In  properties,  as  well  as  in  appearance,  it  greatly  re- 
sembles its  optical  isomer. 

Analyses,  Calc.  for  (Ci.HmON,),.H,S04:  C,  65.65;  H,  7.84;  N,  8.07;  SO-4, 13.83. 
Found:  C,  65.74;  H,  7.87;  N,  8.14;  SO-4, 14.03. 

Neither  the  d-  nor  /-  base,  liberated  from  its  sulfate,  could  be  made  to  crystallize. 

On  addition  of  more  dry  acetone  to  the  mother  liquors  from  the  d-  and  /-  sulfates 
mixtures  of  the  d-  and  /-  forms  were  obtained. 

Dihydroquinidnol 
(^>Dihydroquinicinol  Nitrate. — Sixty  g.  of  recrystallized  quinicine  hydrochloride* 
were  dissolved  in  180  cc.  of  water  and  7.5  cc.  of  cone,  sulfuric  add  and  reduced  with 
palladium  and  hydrogen.  The  absorption  was  7655  cc.  (Calc.  for  2  Hs,  7453  cc.) 
The  filtrate  from  the  palladium  was  neutralized  to  litmus  with  10%  aqueous  sodium 
hydroxide,  and  care  was  taken  to  redissolve  the  gummy  precipitate  locally  formed  by  the 
alkali.  To  the  filtered  solution  (about  350  cc),  powdered  sodium  nitrate  was  added  to 
incipient  turbidity  and  the  mixture  allowed  to  stand  for  several  days,  with  occasional 
rubbing.  The  crystalline  deposit  weighed  28  g.  after  vrashing  with  5%  sodium  nitrate 
solution.  Recrystallized  first  from  25%  alcohol,  then  from  absolute  alcohol,  the 
nitrate  forms  faintly  yellow  rhombs  which  yield  a  white  powder  when  ground.  It  is 
sparingly  soluble  in  cold  water,  quite  readily  on  boiling,  the  solution  giving  a  blue- violet 
fluorescence  with  a  little  nitric  or  sulfuric  acid  and  also  giving  the  thalleoquinine  test. 

» Tras  Journal,  41,  832  (1919). 
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When  rapidly  heated,  the  air-dry  salt  melts  at  125-135*'  with  effervescence  and  prelimi- 
nary softening,  but  when  anhydrous  it  softens  above  90^,  begins  to  melt  at  dd**,  and  is 
completely  fluid  at  115**.  [a]^J^  of  the  anhydrous  salt  is  +100.7**  in  50%  alcohol; 
c-1.063. 

Analyses.  Calc.  for  C2oHisO,N,.HNQ|.H,0:  HjO,  4.40;  C,  68.64;  H.  7.64.  Found: 
HiO,  4.35;  C,  68.73;  H,  7.68.»-  Calc.  for  CoH,gO,N,.HNO,:  N,  10.74.     Found:   10,92. 

{f-Dihydroquinicinol. — ^The  purified  nitrate  was  converted  into  the  base  with  alkali 
and  shaken  out  with  ether.  After  removing  the  solvent  the  w^rm  residue  was  dissolved 
in  a  little  hot  benzene,  with  which  it  is  miscible  only  if  too  much  is  not  used.  After 
cooling  to  room  temperature  and  seeding  with  cr5rstals  obtained  by  allowing  a  test  por- 
tion in  benzene  to  evaporate  spontaneously,  the  base  crystallized  rapidly  as  cream 
colored  rhombs  which  were  washed  with  a  little  cold  benzene  and  air  dried.  It  dissolves 
readily  in  alcohol,  acetone  or  chloroform  and  turns  gummy  under  dry  ether  or  toluene, 
then  dissolving  with  difficulty.  It  begins  to  sinter  at  68**  and  is  completely  fluid  at 
about80*'.     la]^D  of  the  anhydrous  base  is  -f  87.1**  m  absolute  alcohol;  c«  1.046. 

Analyses.  Calc.  for  C2oH280,N,.0.5H20:  HaO,  2.66.  Found:  2.34.  Calc.  for 
CioHisOjN,:  C.  73:12;  H,  8.60;  N,  8.63.     Found:  C,  73.39;  H,  8.63;  N,  8.33. 

(f-Dihydroquinicinol  Dihydrocbloride. — An  absolute  alcoholic  solution  of  the  base 
was  acidified  to  congo  red  with  absolute  alcoholic  hydrochloric  add.  The  dihydro- 
cbloride gradually  separated  as  rosets  of  minute  needles  which  dissolve  readily  in  water 
and  rather  sparingly  in  cold  absolute  alcohol,  more  easily  on  boiling.  When  rapidly 
heated  to  210®,  then  slowly,  the  salt  melts  at  212-214®  with  gas  evolution  to  form  a  yel- 
low liquid.     [al^J  is  -f  151.8®  in  water;  c  =  1.096. 

Analysis.    Calc.  for  C,oH2802N,.2HCl:   CI,  17.67.    Found:   CI,  17.54. 

/-Dihydroquinicinol  Dihydrochloride. — In  preliminary  reduction  experiments 
it  was  found  that  on  taking  up  the  crude  base  in  absolute  alcoholic  hydrochloric  add 
an  apparently  homogeneous  salt  crystallized  which,  on  recrystallization  from  absolute 
alcohol  containing  a  Httle  hydrochloric  add,  finally  attained  a  constant  rotation  of  about 
+8®.  Indeed  it  was  from  this  salt  that  it  was  first  found  possible  to  obtain  a  portion 
as  the  d"  nitrate,  thus  pointing  to  the  initial  isolation  of  this  salt  as  the  best  method  of 
separating  the  optical  isomers.  On  adding  more  solid  sodium  nitrate  to  the  filtrate 
from  the  first  crop  of  the  nitrate  until  turbid  it  is  not  always  possible  to  obtain  more  of 
the  nitrate  free  from  an  oily  salt  (probably  the  /-  nitrate),  but  unless  a  considerable 
amount  of  the  oil  is  precipitated  with  the  remaining  portions  of  the  d-  nitrate,  some  of  the 
latter  remains  in  solution,  and  on  subsequent  conversion  of  the  filtrate  into  the  di- 
hydrochloride it  is  impossible  to  attain  maximal  levorotation.  Accordingly  solid  sodium 
nitrate  was  added  to  the  filtrate  from  the  first  crop  until  considerable  oily  material 
separated,  and  after  standing  overnight  the  mixture  was  treated  with  bone  black, 
filtered,  and  the  dry  base  obtained  from  the  filtrate  in  the  usual  manner.  On  dissolving 
in  absolute  alcohol  containing  an  excess  of  dry  hydrogen  chloride  and  letting  the  mixture 
stand,  the  /-dihydrochloride  separated  on  cooling  as  rosets  of  diamond-shaped,  glisten- 
ing platelets  which  then  were  repeatedly  crystallized  from  absolute  alcohol  contain- 
ing a  little  absolute  alcoholic  hydrochloric  acid.  In  this  way  a  maximum  [a]o  of 
— 117.7®  was  finally  obtained  in  water;  c =0.994.  The  salt  is  very  hygroscopic  in  warm, 
moist  air,  and  must  therefore  be  filtered  in  a  cold  room.  It  Is  very  soluble  in  water  and 
rather  difficultly  so  in  absolute  alcohol,  especially  in  the  presence  of  dry  hydrogen  chlor- 
ide. Like  the  d-  form  it  gives  the  thalleoquinine  reaction  and  fluoresces  on  adding  a 
suitable  add.  The  free  base  was  not  obtained  crystalline.  The  salt  slowly  sinters 
together  above  135®  and  effervesces  at  170®. 

*  This  analysis  refers  to  a  portion  recrystallized  again  from  25%  alcohol. 
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Analyses.  Calc.  for  C0H28O1N2.2HCI:  C,  69.86;  H.  7.49;  N,  6.98.  Found: 
C,  59.22;  H,  7.87;  N,  7.67. 

Essentially  the  same  results  were  obtained  when  dihydroquinicine  sulfate^  was  used 
as  the  starting  material,  except  that  in  this  'case  only  one  molecular  equivalent  of 
hydrogen  was  absorbed. 

N-Methyl-dihydroquinicinol 

(2-N-Meth^-dihydroquinicinol. — The  crude  quinidne  base  from  113.6  g.  of  quin- 
idine  methiodide*  was  dissolved  in  300  cc  of  10%  sulftuic  acid  and  reduced  with  35  cc. 
of  2%  palladious  chloride  solution  and  hydrogen.  Approximately  2  molecular  equiva- 
lents of  hydrogen  were  absorbed.  The  clear  centrifuged  liquid  and  washings  were  diluted, 
covered  with  ether,  and  made  alkaline.  The  residue  from  the  dried  ethereal  extract 
crystallized  on  cooling,  and  was  recrystaUized  from  50%  alcohol,  yielding  33  g.  of  crude 
<f-N-methyl-dihydroquinicinol,  or  almost  as  much  as  if  the  intermediate  quini(ine  salt^ 
had  actually  been  isolated.  After  4  recrystaUizations  from  70%  alcohol  [a]^J  was  con- 
stant at  +93.9°  in  absolute  alcohol,  c  =  1.012,  the  yield  being  8.3  g.  The  base  forms 
rhombic  crystals  which  are  anhydrous  and  melt  at  165.5-166.0°  with  slight  preliminary 
softening.  It  is  very  readily  soluble  in  chloroform,  easily  in  dry  methyl  or  ethyl  alcohol, 
and  sparingly  in  cold  dry  acetone  or  benzene  but  quite  soluble  on  boiling.  Dissolved  in 
cone,  sulfuric  acid  it  gives  a  faint  yellow  color  which  deepens  and  shows  a  green  fluores- 
cence when  the  solution  is  warmed  on  the  water-bath.  It  gives  the  thalleoquinine 
test  and  exhibits  a  violet-blue  fluorescence  when  dissolved  in  dil.  nitric  or  sulfiuic  acid. 

Analyses,  Calc.  for  C21H30O2N2:  C,  73.63;  H,  8.84;  N,  8.19.  Found:  C,  73.47; 
H,  8.79;  N.  8.34. 

d-N-Methyl-dihydroquinicinol  from  J-Dihydroquinicinol  Nitrate. — A  dry  acetone 
'  solution  of  (2-dihydroquinicinoI  obtained  from  the  nitrate  was  treated  with  a  slight 
excess  of  methyl  iodide.  Heat  was  evolved,  and  when  the  solution  was  rubbed  the 
N-methyl  hydriodide  separated  as  microscopic  rhombs.  The  collected  salt  was  dis- 
solved in  hot  water,  the  solution  cooled  and  treated  with  an  excess  of  sodium  carbonate. 
The  base  separated  as  an  oil  which  soon  crystallized  on  rubbing.  After  3  recrystaUiza- 
tions from  70%  alcohol  [afo  was  +93.8°  in  absolute  alcohol,  c  =  1.002,  the  melting 
point  165.5-166.0°,  and  the  other  properties  also  were  identical  with  those  of  the  base 
obtained  from  N-methyl-dihydroquinidne. 

(^N-Methyl-dihydroquinicinol  Hydrobromide. — A  solution  of  the  base  in  a  slight 
excess  of  10%  aqueous  hydrobromic  acid  was  neutralized  to  litmus  and  the  filtrate 
treated  with  solid  sodium  bromide  until  just  turbid.  The  hydrobromide  separated  on 
chilling  the  solution  and  lettmg  it  stand.  RecrystaUized  from  water,  it  formed  a  hard 
crust  of  rhombs  which  were  anhydrous,  and  turned  pink  and  softened  on  heating,  melt- 
ing at  218-223°  with  darkening.  It  is  rather  sparingly  soluble  in  cold  water  or  absolute 
alcohol,  but  dissolves  readUy  on  heating.  With  a  Uttle  sodium  iodide  or  nitrate  the 
aqueous  solution  soon  deposits  minute  rosets  of  the  iodide  or  rhombs  of  the  nitrate. 
[a]^  is  +80.2°  m  water;  c  =  1.090. 

Analyses.  Calc.  for  CjiHjoOjNi.HBr:  N,  6.62;  Br,  18.88.  Found:  N,  7.01; 
Br,  18.95. 

(^N-Methyl-dihydroquinicinol  Dihydrochloride. — Thb  was  obtained  as  in  the 
case  of  <i-dihydroquinicinol  dihydrochloride.  RecrystaUized  from  absolute  alcohol 
with  the  aid  of  dry  ether  it  forms  rosets  of  glistening  platelets,  which  are  extremely 
easily  soluble  in  water,  readUy  so  in  absolute  alcohol,  and  practicaUy  insoluble  in  dry 


^  See  preceding  paper.  This  Journal,  44, 1092  (1922). 
«  Ref.  7,  p.  1091. 
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acetone.    The  salt  softens  markedly  above  140^,  gradually  melting  and  evolving  gas, 
and  becoming  completely  fluid  at  about  190®.     [a ]^i  is  +145.7**  in  water  ;c  —  l .078. 

Analyses,  Calc.  for  C,iH.oO.N2.2HCl:  N,  6.76;  CI,  17.08.  Found:  N,  6.91; 
CI,  16.97. 

J-N-Methyl-dihydroquinicinol  Metfaiodide. — The  oily  salt  separated  from  a  so- 
lution of  equimolecular  parts  of  the  constituents  in  chloroform,  and  soon  crystallized. 
After  washing  with  dry  acetone  it  was  recrystallized  from  water,  by  seeding  the  solution 
while  still  warm  and  letting  it  stand  in  a  warm  place  until  crystallization  was  almost  com- 
plete, in  order  to  avoid  deposition  of  a  gelatinous  form.  It  forms  a  crust  of  faintly  yel- 
low rhombs  which  are  very  difficultly  soluble  in  cold  water  or  absolute  alcohol,  but  more 
easily  on  boiling.  When  rapidly  heated  to  220®,  then  slowly,  it  begins  to  soften  above 
this  point  and  melts  at  225-227®  to  a  brown,  turbid  liquid  which  clears  at  228®.  [a]"^ 
is  4-68.7®  in  water;  c=»  1.025. 

Analysis,     Calc.  for  CmHmOsNJ:  1,26.21.     Found:  26.27. 

/-N-Methyl-dihydroquinicinol. — The  mother  liquors  from  the  first  two  recrystal- 
lizations  of  the  crude  N-methyl  dihydroquinicinol  were  diluted  to  incipient  turbidity  and 
allowed  to  stand,  when  they  deposited  8.4  g.  of  the  crude /- compotmd  with  [a]p  —15® 
in  absolute  alcohol.  After  2  recrystallizations  from  60%  alcohol  4.2  g.  were  obtained 
with  [a]^D^  —24.9®  in  absolute  alcohol,  c  =  1.003,  the  rotation  being  unchanged  by 
fiu-ther  recrystallization.  The  /-  base  forms  crusts  of  minute  plates  which  melt  with 
slight  preliminary  softening  at  136.5-137.5®  to  a  liquid  containing  crystals,  but  be- 
coming clear  at  144®.  It  is  more  soluble  in  the  usual  organic  solvents  than  the  d- 
isomer,  but  otherwise  greatly  resembles  this  substance. 

Analyses.  Calc.  for  CaiHjgOjNi:  C,  73.63;  H,  8.84;  N,  8.19.  Found:  C,  73.78; 
H,  8.60;  N,  8.04. 

The  mother  liquor  from  which  the  first  crop  of  crude  ^  base  was  obtained  still 
contained  considerable  amounts  of  base,  which  investigation  showed  to  be  a  mixture. 

/-N-Methyl-dihydroquinicinol  Dihydrochloride. — This  salt  wps  obtained  as  in 
previous  cases.  RecrystaUized  from  absolute  alcohol,  with  the  addition  of  a  drop  of 
absolute  alcoholic  hydrochloric  acid  after  cooling,  it  separated  as  microscopic  platelets. 
It  is  extremely  easily  soluble  in  water,  readily  so  in  dry  methyl  alcohol,  sparingly  soluble 
in  cold  absolute  alcohol,  and  practically  insoluble  in  dry  acetone  or  chloroform.  When 
rapidly  heated  to  230®,  then  slowly,  it  decomposes  at  232-235®.  The  salt  thus  melts 
higher  and  is  less  .soluble  in  absolute  alcohol  than  the  i-isomer.  [a  ]^  is  -f  1 .46®  in  water ; 
c  =  1.034. 

Analyses.  Calc,  for  C2iH8o02N2.2HCl:  N,  6.75;  CI,  17.08.  Found:  N,  7.10; 
CI,  17.06. 

/-N-Methyl-dihydroquinicinol  Methiodide. — The  salt  separated  from  a  chloroform 
solution  of  the  components.  Recrystallized  from  water,  it  formed  cream  colored  rosets  of 
thick  plates  which  are  sparingly  soluble  in  cold  water,  readily  so  in  hot,  and  dissolve 
very  difficultly  in  boiling  absolute  alcohol  or  dry  chloroform  or  acetone.  The  iodide 
melts  with  preliminary  browning  and  softening  at  about  253-264®,  with  decomposition. 
[a]^i  is  -50.0®  in  50%  alcohol;  (;  =  1.130. 

Analysis.     Calc.  for  CMHssOjNtI:   I,  26.21.     Found:  26.42. 

N-£thyl-dihydroquinicinol 

(/-N-£thyl-dihydroquinicinol. — The  crude  quinicine  from  93.6  g.  of  quinidine 
ethyl  bromide*  was  reduced  as  in  the  case  of  the  N-methyl  compound.    The  crude  base 

•  Tras  Journal,  44,  1091  (1922). 
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obtained  from  the  ether  extract  was  taken  up  in  benzene  and  seeded  with  crystals 
obtained  on  concentration  of  a  test  portion  of  the  crude  base  in  ether.  The  d-  base  grad- 
ually crystallized,  12.8  g.  being  obtained  after  washing  with  a  little  benzene.  Recrystal- 
lized  twice  from  70%  alcohol  it  formed  colorless,  glistening  rhombs  which  melted  con- 
stantly at  140-141®  and  gave  a  constant  [aj^n  of  4-91.7*'  in  absolute  alcohol;  c  =  1.030. 
It  is  readily  soluble  in  the  cold  in  alcohol,  methyl  alcohol  or  chloroform,  rather  sparingly 
so  in  cold  dry  acetone,  sind  diffictdtly  soluble  in  cold  benzene,  but  readily  on  boiling. 
In  its  reactions  it  greatly  resembles  the  N-methyl  derivative. 

Analyses,  Calc.  for  CuHaaOjNi:  C,  74.10;  H,  9.06;  N,  7.86.  Found:  C,  74.20; 
H,  8.88;  N,  8.26. 

(2-N-£thyl-dihydroquinicinol  from  (i-Dihydroquinicinol  Nitrate. — ^The  base  ob- 
tained from  the  nitrate  was  treated  in  acetone  solution  with  1.2  mols.  of  ethyl  iodide. 
After  several  hours  the  hydriodide  separated  on  rubbing  as  minute  rosets,  and  was 
converted  into  the  base.  After  2  crystallizations  from  70%  alcohol  this  melted  at  140- 
141®  and  had  attained  the  maximum  [a]^^  of  92.0®  in  absolute  alcohol;  c  =  1.120.  In 
analysis  and  in  its  properties  it  also  corresponded  with  the  base  as  obtained  directly. 

(2-N-£thyl-dihydroqttinicinol  Hydrochloride. — Prepared  as  usual  in  absolute 
alcoholic  solution  the  salt  deposited  after  the  addition  of  dry  ether.  Recrystallized  from 
dry  methyl  ethyl  ketone  it  formed  minute  rhombs  which  are  very  easily  soluble  in  water. 
The  solution  has  sin  intensely  bitter  taste.  The  salt  dissolves  readily  in  absolute  alcohol, 
less  easily  in  dry  acetone,  and  sparingly  in  dry  chloroform.  When  anhydrous,  it  softens 
at  130®  and  melts  completely  at  135®  with  slight  decomposition,  [aj^o*^  in  water  is 
-1-85.4®;  c  =  1.043. 

Analyses.  Calc.  for  CmH«0,N2.HC1.H,0 :  HiO,  4.39.  Found:  3.63.  Calc.  for 
C«H«0,N,.HC1:  N,  7.13;  CI,  9.03.    Found:  N,  7.55;  O.  8.97. 

d-N-£thyl-dihydroqiiiniclnol  Dihydrochloride. — ^The  salt  was  obtained  from  ab- 
solute alcoholic  hydrochloric  acid  with  the  aid  of  dry  ether  and  was  crystallized  by  a 
repetition  of  the  process  as  minute  platelets  which  are  extremely  soluble  in  water,  readily 
in  absolute  alcohol,  and  sparingly  so  in  dry  acetone  or  chloroform;  [a]"  is  -f- 142.6®  in 
water;  c  =  1.002.  It  softens  at  about  150®  and  becomes  semifluid,  with  the  formation  of 
gas  bubbles  at  about  180®  if  slowly  heated  further,  but  if  rapidly  heated  it  melts  and 
decomposes  at  about  250®. 

Analysis.  Calc.  for  C2,H«0,N2.2HC1:  N,  6.53;  CI.  16.52.  Found:  N,  6.79; 
CI,  16.47. 

A  portion  of  the  base  recovered  from  the  recrystallized  salt  had  not  increased  in 
rotation. 

d-N-Eth^-dihydroquinicinol  Methiodide. — A  chloroform  solution  of  the  compo- 
nents was  evaporated  to  drjmess  after  one-half  hour.  The  additon  of  dry  acetone 
caused  rapid  crystallization.  When  recrystallized  from  water,  the  salt  separated,  oily 
at  first  if  allowed  to  cool  too  quickly,  but  formed  glistening  platelets  when  the  solution 
was  seeded  while  still  warm  with  crystals  of  the  hydrate.  When  anhydrous  it  softens 
above  80®,  melting  completely  at  about  135®;  [alo  is  +62.9®  in  50%  alcohol; c  =  0.962. 
It  also  dissolves  readily  in  absolute  alcohol  or  dry  chloroform' 

Analyses.  Calc.  for  CMHs602N2l.2HaO: '  HiO,  6.74.  Found:  6.31.  Calc.  for 
CmH»0,N,I:    I,  25.48.     Found:   25.90. 

/-N-Ethyl-dihydroquinicinol  Dihydrochloride. — In  a  preliminary  experiment 
in  which  N-ethyl  dihydroquinicine  hydrochloride**  was  used  as  starting  material,  the 
crude  base  was  taken  up  in  hot  ligroin  and  the  <^base  allowed  to  separate  from  the  warm 
solvent,  cooling  resulting  in  contamination  with  an  oily  fraction.     The  base  recovered 
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Digitized  by  LjOOQ IC 


1106  MICHAEI^  HJSlDEtrBERGM  AND  WALTER  A.  JACOBS 

from  the  ligroin  solution  was  converted  as  usual  into  the  dihydrochloride.  This  was 
recrystallized  from  absolute  alcohol  with  the  aid  of  a  little  dry  hydrogen  chloride  and 
dry  ether,  forming  slightly  brownish  rosets  which  gave  [a)^  —16.7**  in  water;  c^  1.081. 
When  rapidly  heated  to  235**.  then  slowly,  it  decomposes  at  237-238".  The  amount 
obtained  was  insufficient  for  recrystallization  to  constant  rotation.  A  portion,  re- 
converted into  the  base,  crystallized  partially. 

The  fraction  corresponding  to  the  /-dihydrochloride  in  the  larger  experiment 
separated  very  quickly  from  absolute  alcoholic  hydrochloric  add  on  seeding,  and  was 
very  difficult  to  filter.  After  recrystallization  from  absolute  alcohol,  to  which  dry 
hydrogen  chloride  was  added  after  cooling,  it  again  separated  in  very  finely  divided 
form,  and  as  the  base  recovered  from  the  salt  showed  little  tendency  to  crystallize, 
further  work  on  this  considerable  fraction  was  abandoned. 

0-£thyl-dihydrocupreicino1 

d-0-Ethyl-dIhydrocupreicinol  Hydrochloride. — The  reduced  solution  of  20  g.  of 
ethyl-dihydrocupreicine  sulfate^  ^  was  centrifuged  from  the  palladium  black,  neutralized 
with  sodium  hydroxide,  and  treated  with  solid  sodium  chloride  tmtil  just  turbid.  The 
salt  slowly  crystallized.  After  several  days  in  the  ice-box  it  was  filtered  off,  washed 
with  10%  salt  solution,  and  recrystallized  from  water,  separating  as  cream  colored 
prisms  and  needles.  Further  recrystallization  from  absolute  alcohol  yielded  practically 
white  plates  containing  alcohol  of  crystallization.  The  jrield  was  7.2  g.  [«)¥  of  the 
dried  salt  was  constant  at  +81.1°  in  water,  c  - 1.010,  and  the  melting  point  was  209-210" 
with  preliminary  softening.  The  salt  is  sparingly  soluble  in  water  or  absolute  alcohol 
at  0",  but  dissolves  more  easily  in  methyl  alcohol.  An  aqueous  solution  has  a  weakly 
bitter  taste  and  a  marked  anesthetic  action  on  the  tip  of  the  tongue.  When  treated 
with  sodium  bromide  it  soon  deposits  the  bromide  as  sheaves  and  rosets  of  minute 
needles,  and  yields  a  nitrate  of  somewhat  similar  appearance  with  sodium  nitrate. 

Analyses.  Calc  for  CiiH.oOiNj.HCl:  N,  7.40;  CI,  9.36.  Pound:  N,  7.40;  CI, 
9.26. 

d-0  Ethyl-dihydrocupreicinol. — An  aqueous  solution  of  the  salt  was  made  alkaline 
with  sodium  carbonate.  On  letting  stand,  with  occasional  rubbing,  the  base  gradually 
crystallized.  When  dissolved  in  alcohol  and  then  well  chilled  and  treated  with  water 
until  the  initial  turbidity  just  redissolved,  the  base  separates  on  seeding  and  standing 
in  the  ice-box  as  radiating  masses  of  fiat  needles.  If  the  recrystallization  is  attempted 
at  room  temperature  the  crystalline  hydrate  apparently  does  not  form,  and  the  base 
comes  out  oily.  When  washed  with  a  little  chilled  50%  alcohol  and  air  dried  it  comes  to 
equilibrium  with  2  molecules  of  water  of  crystallization.  The  hydrate  dissolves  readily 
in  alcohol  or  acetone  and  melts  at  59.5-61.5°.  When  anhydrous  the  base  melts  to  a 
semifluid  mass  at  56-58°,  with  preliminary  sintering  and  softening,  and  is  completely 
fluid  at  105-110°.     [a]^^'^  is  -f  100.2°  in  absolute  alcohol;  c  =  1.018. 

Analyses.  Calc.  for  C2iH,o02Nj.2H80:  HiO,  9.63.  Found:  9.48.  Calc.  for 
CjiHaoOiNj:  C,  73.63;  H,  8.84;  N,  8.19.     Found :  C,  73.97;  H,  8.66;  N,  8.67. 

<f-0-£thyl-dihydrocupreicinol  Dihydrochloride. — This  was  prepared  from  the 
monohydrochloride  with  alcoholic  hydrochloric  acid  and  ether.  It  forms  rosets  of 
platelets  which  are  extremely  soluble  in  water  and  rather  sparingly  so  m  absolute  alcohol 
at  room  temperature  but  easily  on  heating.  It  gelatinizes  under  dry  chloroform  and 
dissolves  with  difficulty.  When  rapidly  heated  to  190°,  then  slowly,  it  melts  with  pre- 
liminary softening  at  192-194°  with  gas  evolution  to  a  yellow  liquid,  [a]^  is  +149.2° 
in  water;  c  =  1.045. 

»»  This  Journal.  44,  1094  (1922). 
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Analyses.  Calc.  for  C2iH,o02N,.2HCl:  N,  6.75;  CI,  17.08.  Found:  N,  6.96; 
CI,  16.96. 

Neither  the  /-  base  nor  any  of  its  salts  could  be  obtained  crystalline. 

li-N-Methyl-OEthyl-dihydrocupreicinol. — (i-O-Ethyl-dihydrocupreicinol  hydrate 
was  treated  in  dry  acetone  with  an  equivalent  of  methyl  iodide.  The  N-methyl  hydrio- 
dide  'which  separated  as  minute  rosets  and  prismatic  needles  was  converted  into  the  base 
by  addition  of  sodium  carbonate  to  its  aqueous  solution.  Recrystallized  from  50%  alco- 
hol, it  formed  rosets  of  long,  narrow,  glistening  platelets  which  melted  slowly  at  136.5- 
137.0**  with  slight  preliminary  softening,  giving  [a]^*^  -f  88.2**  in  absolute  alcohol, 
c»  0.993,  emd  greatly  resembled  the  corresponding  dihydroquinidnol  base  in  properties 
and  reactions,  except  for  a  slightly  greater  solubility  in  organic  solvents. 

Analyses,  Calc.  for  CmHmCN,:  C,  74.10;  H,  9.05;  N,  7.87.  Found:  C,  74,16; 
H,  8.93;  N,  8.64. 

i^N,0-Dlethyl-dihydrocupreicinol. — Equimolecular  amounts  of  the  base  and  ethyl 
iodide  were  allowed  to  react  in  dry  acetone,  the  hydriodide  of  the  diethyl  compound 
separating  as  sheaves  of  delicate  needles.  The  base,  obtained  from  the  salt  as  in  the 
preceding  case,  crystallized  on  adding  a  little  ether  and  allowing  this  to  evaporate. 
It  was  dissolved  in  hot  70%  alcohol,  cooled,  and  treated  with  water  until  just  turbid, 
separating  slowly  when  seeded  and  aided  by  the  addition  of  occasional  small  portions  of 
water  as  minute,  glistening  rhombs.  The  base  melts  constantly  at  1 10-1 11**  with  slight 
preliminary  softening  and  gives'[a]^D  4-87.1**  in  absolute  alcohol;  c =0.804.  In  its 
properties  it  resembles  the  methyl  homolog,  but  is  even  more  easily  soluble. 

Analyses.  Calc.  for  C2»H,402N2:  C,  74.54;  H,  9.25;  N,  7.57.  Found:  C,  74.87; 
H,  9.46;  N,  7.68. 

Summary 
Cinchona  alkaloids  of  the  cinchonicine  and  quinicine  type,  reduced  with 
palladium  and  hydrogen,  yield  mixtures  of  stereoisomers  of  a  new  type  of 
alkaloids  which  we  have  called  dih]idrochonicinols  and  dihydroquinicinols. 
In  general  the  d-  forms  proved  easier  to  isolate.  A  number  of  the  d-  bases, 
one  of  the  /-  bases,  and  numerous  salts  of  the  d-  and  /-  forms  are  described. 
New  York,  N.  Y. 
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When  a  glass-stoppered  bottle  of  ordinary  ethyl  ether  is  allowed  to 
stand  for  several  months,  it  is  known  to  acquire  oxidizing  properties 
which  are  usually  attributed  to  hydrogen  peroxide  or  to  "ethyl  peroxide." 
When  this  impure  ether  is  allowed  to  evaporate  in  an  open  vessel,  a  liquid 
residue  remains  which  possesses,  besides  these  oxidizing  properties,  a 
very  pimgent  odor.  The  residue  completely  disappears  in  time,  through 
evaporation. 

Frequent  references  occur  in  pharmaceutical  literature  to  explosions^ 
iSchar,  Arch.  Pharm.,  225,  623  (1887).  Cleve,  Chem.  News,  63,  101  (1891); 
Phartn.  Ztg.,  34, 426  (1889).     Neander.  Chem.  Ztg.,  26, 336  (1902). 
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which  have  resulted  from  ether  residues.  Other  impurities  including 
acetic  aldehyde  and  acid  are  known  to  be  formed  in  ether  on  standing 
and  all  of  these  impurities  are  of  importance  in  connection  with  the  use 
of  ether  as  a  solvent  and  especially  as  an  anesthetic  in  medicine.  The 
action  of  air  upon  ether  appears  to  be  of  particular  interest  because 
we  have  here  a  case  of  peroxide  formation  by  autoxidation  of  a  very  stable 
substance,  whereas  from  chemical  experience  we  are  led  to  expect  such  be- 
havior only  with  unsaturated  or  highly  reducing  substances. 

Schonbein*  first  noted  the  formation  of  an  oxidizing  substance  in  ether 
and  this  has  since  been  referred  to  frequently  as  hydrogen  peroxide.' 
Berthelot*  considered  the  peroxide  of  ether  to  be  identical  with  "ethyl 
peroxide"  which  he  had  obtained  by  the  action  of  ozone  upon  ether.  Nef* 
assumed  that  oxidized  ether  contained  diacetyl  peroxide. 

The  Accumulation  of  Active  Oxygen  in  Ether 

Dunstan  and  Dymond*  and  also  E.  v.  Neander^  determined  the  active 
oxygen  content  of  certain  samples  of  ether  by  means  of  their  action  upon  an 
acidified  solution  of  potassitmi  iodide.  This  method  has  been  found  to 
be  reUable  for  quantitative  work.  A  few  cubic  centimeters  of  the  ether 
is  dissolved  in  a  dilute  solution  of  potassium  iodide,  acidified  with  sulftiric 
acid  and  the  solution  is  then  allowed  to  stand  for  15  minutes.  The  free 
iodine  is  determined  with  sodium  thiosulfate.  For  very  accurate  work 
a  control  experiment  may  be  used. 

Several  years  ago  Mr.  R.  L.  Perkins  and  the  writer  first  studied  the 
gradual  development  of  ether  peroxWe^  by  frequently  charging  cork- 
stoppered  bottles  of  ether  with  air.  At  the  end  of  5  or  6  weeks  the  active 
oxygen  content  of  the  solutions  reached  a  maximiun  which  was  only 
about  0.01  N.  Later,  it  was  discovered  that  when  an  ordinary  glass- 
stoppered  reagent  bottle  was  partly  filled  with  ether  and  allowed  to  stand 
in  a  Ught  place  there  was  not  only  a  continuous  development  of  peroxide, 
but  the  development  took  place  at  a  gradually  increasing  rate. 

All  ether  used  in  this  work  was  carefully  purified  by  shaking  it  several 
times  with  V«  volume  of  water,  then  allowing  it  to  stand  for  about  a 
month  over  20%  sodium  hydroxide  in  amber  glass  bottles;  finally  it 
was  distilled.  It  was  desired  to  remove  especially  all  traces  of  alcohol 
»  Schonbein.  /.  Chem.  Soc,  4,  134  (1862);  /.  praki.  Chem.,  [1]  52,  135  (1851). 
»  Buchner,  Chem.  Ztg.,  9,  691  (1885).  Richardson  and  Fortey,  /.  Chem.  Soc,  69, 
1352  (1896).  Kingzett,  "Year  Book  of  Pharm."  1876,  p.  554;  Chem.  News,  34,  135 
(1876). 

•  Berthelot,  Compt.  rend.,  108,  543  (1889);  92,  895  (1881). 
»  Nef,  Ann..  298,  202  (1897). 

•  Dunstan  and  Dymond,  /.  Chem.  Soc,  57,  574  (1890). 
'  Neander,  Ref.  1. 

•  This  term  will  be  applied  to  the  organic  peroxide  which,  as  will  be  shown,  is  de- 
rived directly  by  the  action  of  oxygen  upon  ether. 
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and  aldehyde  as  these  are  later  formed  by  decomposition  of  ether  peroxide. 
The  ether  was  not  especially  dried.  No  better  method  of  oxidation  could 
be  discovered  than  the  one  already  described.  Glass-stoppered  bottles 
*/i  filled  were  allowed  to  stand  in  a  light  place  without  further  attention. 
The  reaction  is  very  slow  at  first  and  at  least  6  weeks  is  required  for  the 
solution  to  become  0.01  iV  in  active  oxygen.  As  the  accumulation  of 
peroxide  proceeds,  the  rate  of  peroxidation  increases  greatly  and  during  the 
sunmier  season,  providing  the  heat  is  not  excessive,  several  per  cent,  of 
peroxide  is  developed  at  the  end  of  5  or  6  months.  The  strength  of  these 
solutions  is  due  partly  to  loss  oi  ether  by  evaporation. 

Light  has  a  very  important  influence  upon  the  peroxidation,  but  it  does 
not  appear  to  be  indispensable.  A  bottle  of  ptuified  ether  in  amber  glass 
was  weU  protected  from  light  and  at  the  end  of  6  months  no  peroxide 
could  be  detected.  On  the  other  hand,  a  sample  which  had  not  been  es- 
pecially purified,  but  was  free  from  peroxide,  did  develop  a  small  amotmt 
of  the  latter  tmder  the  same  conditions.  Also,  it  is  a  fact  that  ether  sealed 
in  tin  cans  for  use  in  anesthesia  frequently  develops  peroxide  although 
free  from  the  latter  originally.  That  light  is  not  essential  to  peroxidation 
is  proved  by  the  following  experiment.  A  glass-stoppered  amber  bottle 
was  partly  filled  with  ether  in  which  peroxide  had  been  acciunulating  for 
some  time  and  the  bottle  was  weU  protected  from  light.  At  the  beginning, 
the  solution  was  0. 125  N  in  active  oxygen.  At  the  end  of  12  weeks, 
the"  ether  had  evaporated  to  just  about  V2  the  original  volume  but  the 
concentration  of  peroxide  had  increased  4-fold  to  0. 525  N,  It  seems  that 
light  is  much  more  important  in  starting  the  peroxidation  than  it  is  at  a 
later  stage,  and  it  has  been  found  that  bottles  of  ether  which  had  started 
to  oxidize  during  the  winter  season  of  short  daylight  progressed  much 
more  slowly  than  those  started  in  the  summer  season. 

Direct  sunlight  was  found  to  have  a  favorable  influence  upon  the  accu- 
mulation of  peroxide  up  to  a  certain  point,  and  with  further  exposure 
there  was  a  decrease.  It  will  be  shown  later  that  ether  peroxide  is  broken 
down  by  light  and  it  is  probably  because  of  the  pronounced  decompo- 
sition by  direct  sunlight  that  it  was  fotmd  impossible  to  obtain  solutions 
of  any  considerable  strength  in  this  way. 

Catalytic  Action  of  Acetaldehyde. — ^An  explanation  was  desired  of  the 
progressive  increase  in  the  rate  of  peroxidation  and  attention  was  directed 
to  the  influence  of  decomposition  products  of  the  peroxide.  It  was  dis- 
covered that  with  samples  of  ether  which  had  reached  a  fairly  rapid  rate 
of  peroxidation,  the  latter  came  to  a  standstill  if  a  portion  of  the  ether 
were  volatilized,  and  the  conclusion  was  drawn  that  the  influence  was  due  to 
a  volatile  product.  Experiments  showed  that  carbon  dioxide,  carbon 
monoxide,  ethylene  and  alcohol  were  without  effect.  Acetaldehyde, 
which  is  known  to  be  one  of  the  products  of  spontaneous  decomposition, 
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was  also  tried.  When  this  substance  was  added  to  pure  ether,  one  part 
m  1000,  the  amoimt  of  peroxide  foimd  at  the  end  of  2  months  was  about 
twice  that  which  had  developed  in  the  pure  ether.  When  0.5%  of  alde- 
hyde was  added  the  effect  was  decidedly  greater,  and  it  appears  from  the 
experiments  performed  that  such  an  amoimt  would  be  necessary  to  ex- 
plain the  rapid  accumulation  of  peroxide  in  ether  after  long  standing. 

Development  of  Hydrogen  •  Peroxide. — Inasmuch  as  the  peroxide 
contained  in  ether  has  been  so  frequently  referred  to  as  hydrogen  peroxide, 
it  is  of  first  importance  to  determine  whether  the  latter  substance  is  a  pri- 
mary product  of  oxidation,  as  has  been  frequently  assumed,  or  whether 
it  is  the  result  of  a  secondary  reaction.  It  is  also  important  to  determine 
to  what  extent  hydrogen  peroxide  is  present  along  with  ether  peroxide  and 
to  be  able  to  separate  the  two. 

The  Chromic  Acid  Test — ^This  method  of  detecting  traces  of  hydrogen  peroxide 
in  ether  is  capable  of  great  delicacy  if  care  be  taken  to  use  only  a  limited  amount  of 
sulfuric  acid.  Hydrogen  peroxide  to  the  extent  of  0.001%  may  be  detected.  Ether 
peroxide  does  not  respond  to  this  test. 

A  great  many  samples  of  ether  have  been  tested  from  time  to  time 
during  the  course  of  oxidation  and  in  no  case  has  it  been  possible  to  ob- 
tain a  positive  test  for  hydrogen  peroxide  before  the  end  of  3  or  4  months. 
Usually,  at  this  time  there  has  accumulated  in  the  solution  from  0. 25  to 
0.5%  of  ether  peroxide.  The  amoimt  of  hydrogen  peroxide  increases 
slowly  with  time,  but  it  has  never  been  fotmd  to  be  more  than  a  few  per 
cent,  of  the  amoimt  of  ether  peroxide.  Later  it  will  be  shown  that  ether 
peroxide  reacts  slowly  with  water  to  form  hydrogen  peroxide  and  this 
reaction,  which  may  be  assumed  to  take  place  to  a  very  limited  extent 
in  ether  solution,  will  accotmt  for  the  hydrogen  peroxide.  It  appears  cer- 
tain that  hydrogen  peroxide  is  not  a  primary  product  of  oxidation. 

A  confirmation  of  the  conclusion  drawn  from  the  chromic  acid  test 
may  be  obtained  by  shaking  out  oxidized  ether  with  water.  Hydrogen 
peroxide  may  be  completely  removed  in  this  way  because  it  is  a  great 
deal  more  soluble  in  water  than  it  is  in  ether.  The  ether  peroxide,  on  the 
other  hand,  is  more  soluble  in  ether  than  in  water  and  by  repeated  extrac- 
tions an  approximate  separation  of  the  two  may  be  effected. 

Ether  Peroxide 
Along  with  hydrogen  peroxide,  there  is  developed  in  the  oxidized  ether 
a  relatively  small  amount  of  acetic  acid."  Alcohol  in  considerable  quantity 
and  also  aldehyde  are  formed  as  secondary  products,  as  will  be  shown  later. 
Also,  it  is  likely  that  derivatives  of  the  above  substances  are  present. 
These  secondary  or  decomposition  products  of  ether  peroxide  may  be 
easily  removed  and  the  primary  product  of  peroxidation  may  be  obtained 
in  a  practically  pure  state  as  fellows. 
»  Richardson  and  Fortey,  Ref.  3. 
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A  sample  of  oxidized  ether  which  had  stood  about  6  months  was  about 
0.35  AT  in  active  oxygen.  It  was  shaken  out  twice  with  ^/4  volume  of 
water  and  then  gave  no  test  for  hydrogen  peroxide  with  chromic  atcid. 
The  ether  was  dried  by  means  of  anhydrous  sodium  sulfate.  Portions 
of  a  few  cubic  centimeters  each  of  the  solution  were  removed  to  small 
weighed  flasks  and  the  weights  of  residues  obtained  after  they  had  been 
allowed  to  remain  in  a  continuous  vacuum  for  different  periods  of  time. 
In  each  case  a  determination  of  the  active  oxygen  content  of  the  residue 
was  made  in  the  usual  manner  using  a  solution  of  potassium  iodide  acidi- 
'fied  with  sulfuric  acid.  The  ether  solution  was  about  0.3  AT  in  active 
oxygen  and  approximately  4  cc.  was  removed  for  each  experiment. 


0. 1  N  TWo- 

ixpt. 

In  vacuum 

Wt 

of  residue 

sulfate 

Active  oxygen 

Min. 

G. 

Cc. 

% 

I. 

16 

0.0638 

10.6 

13.29 

II 

25 

0.0526 

9.65 

14.67 

III 

65 

0.0466 

8.45 

14.82 

IV 

100 

0.0336 

6.25 

14.88 

V 

300 

0.0003 

.00 

, , 

Calculated  active  O  for  C4H10O1  =  16.09 

In  Expt.  V  the  vacuum  was  maintained  for  half  a  day  until  all  odor 
was  gone.  No  more  peroxide  was  found  to  be  present  although 
apparently  a  trace  of  non-volatile  matter  remained. 

The  above  experiments  were  carried  out  in  the  summer  of  1920.  A 
year  later  an  attempt  was  made  to  duplicate  them  with  a  sample  of  ether 
which  had  stood  for  4  or  5  months.  During  the  later  2  months  the  tem- 
perature was  tmusually  high  and  peroxide  had  not  accumulated  as  rapidly  as 
had  been  expected;  also  it  was  found  to  be  contaminated  with  a  few  per 
cent,  of  non-volatile  matter.  In  one  sample  the  active  oxygen  was  f oimd 
to  be  13.75%.    After  correcting  for  non-volatile  matter  it  was  14.3%. 

Recently,  the  oxidation  of  a  sample  of  pure  ether  has  been  hastened 
by  the  addition  of  about  0.5%  of  aldehyde.  At  the  end  of  6  weeks, 
the  solution  was  0.15  AT  in  active  oxygen.  Acetic  acid  was  present 
to  the  extent  of  about  0.1%.  There  was  no  evidence  of  the  presence 
of  peracid.  The  ether  solution  was  shaken  well  with  Vs  of  its  volume 
of  dil.  sodium  hydrogen  carbonate  solution  and  was  then  allowed  to 
evaporate  to  about  ^/a  volume.  After  the  solution  had  been  thoroughly 
dried  over  sodium  sulfate  the  residue  was  analyzed  as  usual.  A  residue 
of  0.0422  g.  obtained  after  the  sample  had  remained  in  a  vacuum  for 
1  hour  required  7.3  cc.  of  0.1  AT  thiosulfate  solution.  The  non- volatile 
residue  obtained  from  an  equal  amount  of  the  ether  solution  was  0.0028 
g.  After  correcting  for  the  residue  the  active  oxygen  was  found  to  be 
14.82%. 

Ether  peroxide  is  miscibje  with  water,  alcohol,  ether  and  acetone  and 
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has  a  limited  solubility  in  benzol,  chloroform  and  petroleum  ether.  The 
boiling  point  is  tmknown,  as  no  attempt  was  made  to  distil  it  on  account 
of  the  great  danger  involved.  It  is  somewhat  volatile.  When  the  solvent 
is  mostly  removed  from  a  solution  in  ether  nearly  10%  of  the  peroxide 
also  passes  off.  This  decided  volatility  shows  that  it  has  the  simple  for- 
mula, only  1  molecule  of  ether  or  2  ethyl  groups  being  involved.  It  has 
a  very  irritating  taste  and  odor  and  is.also  very  irritating  to  the  skin. 
It  yields  iodoform  with  alkaU  and  potassium  iodide.  When  the  peroxide 
is  dissolved  in  an  excess  of  sodium  hydroxide  the  active  oxygen  gradually 
disappears  from  the  solution  and,  at  the  end  of  an  hour,  it  has  become  dark 
yellow  in  color.  On  heating  this  solution  and  then  acidifying  it,  a  resin- 
ous substance  is  precipitated.  When  the  acidified  product  is  subjected 
to  distillation,  the  presence  of  alcohol  is  shown  by  the  iodoform  test 

The  following  tests  were  made  with  a  6%  water  solution  of  the  peroxide 
which  was  free  from  hydrogen  peroxide  and  ether.  The  action  on  plati- 
num black  is  very  feeble  when  compared  to  that  of  hydrogen  peroxide. 
Neither  ferric  chloride  nor  manganous  chloride  shows  any  cataljrtic  effect 
upon  the  active  oxygen,  but  with  manganese  dioxide  and  silver  oxide 
oxygen  is  freely  evolved.  There  appears  to  be  no  effect  produced  by 
either  mercury  or  finely  divided  silver.  Unlike  hydrogen  peroxide,  it 
colors  both  guaiactun  and  benzidine  directly.  No  precipitate  is  produced 
by  baritun  hydroxide  and  as  has  already  been  pointed  out,  it  gives  no 
coloration  with  chromic  acid.  In  the  latter  case,  care  must  be  used  in 
restricting  the  amount  of  sulfuric  acid  or  sufficient  hydrogen  peroxide 
will  be  formed  by  hydrolysis  to  respond  to  the  test. 

The  ratio  of  distribution  of  ether  peroxide  between  water  and  ether  has 
already  been  stated  to  be  very  different  from  that  of  hydrogen  peroxide. 
Walton  and  Lewis^®  determined  this  ratio  for  hydrogen  peroxide  at  25** 
and  foimd  the  coefficient  to  be  9.11  when  the  water  contained  about 
5%  peroxide  and  8.25  with  a  solution  which  was  nearly  10%  peroxide. 
The  writer  has  tried  more  dilute  solutions  at  about  the  same  temperature. 
With  aqueous  solutions  of  1%  and  2.8%  of  hydrogen  peroxide,  a  coeffi- 
cient of  approximately  16  was  obtained  in  each  case.  The  peroxide  was 
determined  through  its  action  on  potassium  iodide  in  acid  solution.  Equal 
volumes  of  the  two  solvents  were  used.  The  coefficient  for  ether  peroxide 
has  been  foimd  to  vary  between  1.70  and  2.0  in  different  experiments, 
the  peroxide  being  more  soluble  in  ether  than  in  water.  Ether  solutions 
of  peroxide  varying  in  strength  from  0. 05%  to  0. 5%  were  used. 

The  acidic  nature  of  ether  peroxide  is  worthy  of  note.  This  is  shown 
by  the  fact  that  the  ratio  of  distribution  between  ether  and  water  is  greatly 
changed  by  the  presence  of  alkali,  much  more  of  the  peroxide  being  present 
in  the  alkaline  solution. 

'«  Walton  and  Lewis,  This  Journal,  38,  633  (1916). 
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Spontaneous  Decomposition  of  Ether  Peroxide 

Attention  has  akeady  been  directed  to  the  formation  of  a  smaU  amomit 
erf  hydrogen  peroxide  which  is  probably  the  result  of  a  hydroljrtic  reaction. 
Ether  peroxide,  like  other  organic  peroxides,  might  be  expected  to  be  im- 
stable  and  especially  in  solution  and  under  the  influence  of  light  to  break 
do¥m  into  simpler  substances.  This  is  found  to  be  a  fact.  The  percentage 
decomposition  of  a  dilute  solution  is  much  greater  than  that  of  a  strong 
solution.  When  protected  from  light  the  peroxide  also  decomposes  but 
more  slowly  than  upon  exposure. 

A  solution  (about  0.3  N)  was  exposed  to  the  action  of  diffused  light  in  a  flint- 
glass  bottle  with  a  cork  stopi>er  inserted  as  tightly  as  possible.  After  standing  for 
2  weeks  during  the  month  of  December,  the  stopper  was  removed  and  there  was  a  con- 
tinuous evolution  of  gas  lasting  several  minutes.  The  solution  had  lost  ^/i  of  its  strength. 
A  fresh  stopper  was  inserted  and  the  decomposition  allowed  to  continue  for  4  weeks 
longer  when  the  strength  was  found  to  be  less  than  Vt  of  the  original.  Six  weeks  later, 
all  but  10%  of  the  original  peroxide  had  disappeared  and  gaseous  products  continued  to 
be  formed. 

Another  experiment  of  a  similar  kind  was  carried  out.  Before  the  removal  of  the 
stopper  the  bottle  was  cooled  in  ice  water  and  a  stopper  containing  a  capillary  tube  was 
inserted  so  that  the  gas  which  escaped  as  the  bottle  again  came  to  room  temi>erature 
could  be  collected.  The  presence  of  a  determinable  quantity  of  carbon  dioxide  was 
shown  by  passing  the  gas  through  baryta  water.  By  means  of  water  the  gas  was  washed 
practically  free  from  ether.  There  was  no  further  decrease  in  voltmie  on  standing  over 
bromine  water  or  a  solution  of  cuprous  chloride.  The  residual  gas  after  removal  of 
carbon  dioxide  and  ether  burned  with  a  blue  flame  and  was  undoubtedly  methane. 

The  ether  solution  in  which  less  than  10%  of  the  original  peroxide  now  remained 
was  subjected  to  a  slow  distillation  from  a  flask  which  was  immersed  in  a  vessel  of  warm 
water.  The  distillate  was  redistilled  to  remove  all  peroxide  as  the  latter  is  somewhat 
volatile.  The  product  now  gave  a  heavy  iodoform  test  and  also  responded  readily  to  the 
test  for  aldehyde  with  ammoniacal  silver  nitrate.  When  shaken  with  a  10%  solution  of 
potassium  hydroxide  a  yellow  color  appeared  in  a  few  minutes. 

The  experiment  was  repeated  with  a  solution  0.45  N  in  active  oxygen.  The 
bottle  stood  from  February  11  to  April  19  and  the  stopper* was  removed  several  times  to 
relieve  the  pressure.  The  gas  was  tested  with  the  same  results  as  before.  On  April  19 
the  amount  of  peroxide  was  only  3%  of  the  original.  About  100  cc.  of  the  ether  was 
slowly  distilled  as  before.  The  first  portion  of  the  distillate  was  tested  for  aldehyde 
with  the  same  result  as  before.  The  second  portion,  which  was  about  Vt  of  the  total, 
was  dried  over  potassium  carbonate,  then  treated  with  1.5  g.  of  />-nitrobenzoyl  chloride. 
After  2  days  the  ether  was  evaporated.  From  the  residue,  after  treatment  with  sodium 
carbonate  solution,  there  was  obtained  more  than  0.5  g.  of  the  ethyl  ester  of  the  above 
acid;  m.  p.  56**  (crystallized  from  petroleum  ether). 

Berthelot^^  demonstrated  the  formation  of  methane  by  the  action  of  air 
upon  ether  which  had  been  exposed  to  direct  sunUght  for  several  weeks. 
Berthelot  first  calls  attention  to  the  fact  that  alcohol  is  also  one  of  the 
products  formed.  The  methane  was  obtained  mixed  with  the  residual 
nitrogen  of  the  air  and  as  the  author  does  not  state  the  experimental 
»  Berthelot,  Compt.  rend.,  129,  627  (1899). 
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basis  for  his  conclusion  that  methane  is  formed,  it  must  be  assumed  that 
an  analysis  of  the  gas  was  made.    No  carbon  dioxide  was  fotmd. 

The  developmetii  of  acetic  acid  in  ether  has  been  fotmd  to  be  very  much 
slower  than  that  of  peroxide.  Even  after  several  months',  oxidation  the 
amount  of  acid,  as  determined  by  titration,  is  not  over  a  few  per  cent,  of 
the  amount  of  peroxide  in  the  solution*  After  long  standing  of  an  ether 
bottle  diuing  which  time  a  large  part  of  the  ether  had  evaporated,  the 
acid  content  has  been  found  to  be  as  high  as  1%.  It  does  not  seem  likely 
that  the  acid  is  a  direct  product  of  decomposition  of  the  peroxide,  and  its 
presence  may  be  accoimted  for  by  autoxidation  of  aldehyde.  Experi- 
ment has  shown  that  during  the  decomposition  of  peroxide  in  tightly 
stoppered  bottles  the  increase  in  acidity  was  relatively  very  small  in  pro- 
portion to  the  amount  of  peroxide  decomposed,  and  this  change  likewise 
could  be  accounted  for  by  autoxidation  of  aldehyde. 

Action  of  Dilute  Acid  on  Ether  Peroxide 

When  the  peroxide  is  dissolved  in  water  and  the  solution  allowed  to 
stand,  hydrogen  peroxide  is  slowly  formed,  as  shown  by  the  chromic  acid 
test.  After  several  weeks  the  greater  part  of  the  active  oxygen  is  present 
as  hydrogen  peroxide,  this  fact  being  shown  by  the  ratio  of  distribution 
of  the  active  oxygen  when  the  water  solution  is  shaken  with  pure  ether. 
The  formation  of  hydrogen  peroxide  is  greatly  facilitated  by  the  presence 
of  mineral  acid  and,  in  fact,  the  complete  conversion  of  the  active  oxygen 
may  be  brought  about  by  this  means  in  a  short  time. 

Four  hundred  and  fifty  cc.  of  oxidized  ether,  which  was  about  normal  in  active 
oxygen  and,  accordingly,  a  little  more  than  5%  in  ether  peroxide,  was  shaken  out  with 
60  cc.  water  and  the  water  extract  preserved.  The  ether  was  distilled  in  a  vacuum  nearly 
to  completion.  One  hundred  cc.  of  water  was  then  added  and  this  solution  was  freed 
from  ether  in  vacuo.  The  distillation  in  a  vacuum  was  continued  by^  immersing  the  dis- 
tilling flask  in  a  vessel  of  water  at  50°.  About  15  cc.  was  distilled,  which  presumably 
contained  most  of  the  remaining  alcohol.  The  solution  in  the  flask  now  contained  about 
90%  of  the  active  oxygen  present  at  the  beginning,  or  about  22.5  g.  of  ether  peroxide.  A 
few  drops  of  dil.  sulfuric  acid  were  added  and  the  solution  was  allowed  to  stand  at  60  ^  for 
2  or  3  hours  after  which  it  was  subjected  to  distillation  at  ordinary  pressure.  A  strong 
odor  of  acetaldehyde  was  noted.  About  Vs  of  the  liquid  was  distilled  and  the  distillate 
was  treated  with  potassium  carbonate,  whereupon  about  15  cc.  separated  to  the  top. 
The  liquid  was  dried  further  with  fresh  anhydrous  potassium  carbonate  and  became 
colored  on  standing.  On  distillation  it  did  not  show  a  constant  boiling  point  although 
most  of  it  passed  over  below  80**.  The  product  is  mostly  alcohol  contaminated  with 
derivatives  of  acetaldehyde.  Probably  paraldehyde  and  the  mono-acetal,  CHtCH- 
(OHKOC1H6),  are  present. 

After  distilling  the  product  of  hydrolysis  of  the  peroxide,  there  remained  a  solution 
of  hydrogen  peroxide  which  was  found  to  be  of  nearly  12%  strength.  A  portion  of  it 
was  converted  directly  into  succinic  acid  peroxide  as  follows.  Ten  cc.  of  the  solution 
was  diluted  with  5  cc.  of  water  and  5  g.  of  small  crystals  of  succinic  anhydride  added. 
The  mixtiure  was  shaken  frequently  during  the  course  of  45  minutes.  After,  filtering, 
washing  and  drying,  about  1.5  g.  of  pure  succinic  acid  peroxide  was  obtained. 

Digitized  by  VjOOQIC 


AUTOXlDATION  OF  ETHYL  ETHER  1115 

Analysis.     Calc.  for  CsHioOg:  O  (active).  6.84.    Found:  6.76. 

The  water  extract  of  the  original  peroxide  solution  was  then  diluted  with  an  equal 
volume  of  water  and  this  subjected  to  distillation  at  reduced  pressure,  the  temperature 
of  the  heating  bath  being  about  60  **  to  65  **.  Approximately  ^/a  of  the  total  was  distilled. 
This  distillate  was  found  to  contain  only  a  negligible  amount  of  peroxide  and  was  partly 
redistilled.  This  last  distillate  gave  a  decided  iodoform  reaction,  but  no  tests  for  alde- 
hyde. When  it  was  treated  with  solid  potassium  carbonate,  about  1  cc.  of  alcohol 
separated.  The  latter  was  dissolved  in  15  cc.  of  alcohol-free  ether  which  had  been  dried 
over  anhydrous  potassium  carbonate.  About  3  g.  of  />-nitrobenzoyl  chloride  was  added 
and,  after  standing  several  days,  nearly  3  g.  of  the  ethyl  ester  was  obtained;  m.  p.  after 
recrystallization  from  alcohol,  65-66**. 

In  another  experiment  the  hydrolysis  of  the  peroxide  was  allowed  to  proceed  in 
add  solution  at  46°  and  no  change  was  noted  in  the  general  result.  In  this  case  it  was 
ascertained  that  diuing  the  hydrolysis  there  was  little,  if  any,  loss  in  active  oxygen. 
A  small  volume  of  the  solution  at  the  beginning  and  at  the  end  of  the  experiment  gave 
practically  the  same  values.  The  formation  of  a  considerable  amount  of  aldehyde  or  its 
derivatives  was  shown  by  the  formation  of  resinous  matter  on  treating  the  distillates 
with  caustic  alkali. 

Acetic  Peroxide  and  tlie  Theory  of  Nef. — If  acetic  peroxide  were 
present  in  oxidized  ether  its  identification  would  be  relatively  simple  as 
it  soon  changes  to  acetic  peradd  when  dissolved  in  water,  and  the  latter 
substance  is  characterized  by  the  rapidity  of  its  action  upon  potassium 
iodide.  Iodine  is  precipitated  at  once  from  a  very  dilute  solution  of  the 
former.  ^*  A  t  no  time  has  it  been  possible  to  detect  this  substance.  Again, 
the  theory  of  Nef  assumes  that  hydrogen  peroxide  is  formed  as  a  direct 
product  of  oxidation  and  there  is  no  experimental  evidence  for  such  an 
assumption. 

"Ethyl  Peroxide*" — Without  doubt  the  idea  of  Berthelot  concerning 
the  structiu'e  of  this  substance  was  that  2  molecules  of  ether  take  on  an 
extra  atom  of  oxygen  just  as  barium  oxide  does  at  a  high  temperature, 
and  that  in  the  formation  of  '*ethyl  peroxide,"  (€2115)408,  no  change  takes 
place  in  the  ethyl  groups.  Since  the  time  of  Berthelot's  publication 
Baeyer  and  Villiger^'  have  synthesized  diethyl  peroxide,  (C«H5)202,  an 
ether-like  body  which,  unlike  Berthelot's  product,  is  very  difficult  to  re- 
duce and  does  not  react  with  water  to  form  hydrogen  peroxide.  Harries^* 
also  studied  the  action  of  ozone  on  dry  ether  at  low  temperature  and  sub- 
jected the  product  to  distillation  in  a  vacuum.  A  peroxide-containing 
distillate  was  obtained,  but  the  results  of  elementary  analyses  were  not 
concordant  nor  were  they  close  to  those  required  for  Berthelot's  formula. 
We  may  conclude  from  the  literature  that  **ethyl  peroxide"  possibly  con- 
sists, at  least  partly,  of  ether  peroxide,  but  this  is  not  strictly  proved. 
There  does  not  appear  to  be  much  of  an  experimental  basis  for  the  formula  ' 
of  Berthelot. 

»  Baeyer  and  Villiger,  Ber.,  33, 1575  (1900). 

"  Baeyer  and  Villiger,  ibid.,  33,  3387  (1900). 

'*  Harries,  Ann.,  343,  375  (1906). 
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The  Structure  of  Ether  Perozide 

The  following  facts  are  to  be  considered.  (A)  The  active  oxygen  con- 
tent of  the  pure  peroxide  is  approximately  that  required  for  a  substance 
formed  by  the  addition  of  one  molecule  of  oxygen  to  one  molecule  of  ether, 
Va  of  the  added  oxygen  being  active.  (B)  The  peroxide  is  formed  directly 
by  the  action  of  oxygen  upon  ether.  (C)  It  is  volatile.  (D)  It  decomposes, 
especially  under  the  influence  of  hght,  with  the  formation  of  carbon  di- 
oxide, methane,  aldehyde  and  alcohol.  (E)  It  reacts  with  acidified  water 
to  yield  hydrogen  peroxide  quantitatively.  Alcohol  and  aldehyde  are 
also  formed  in  considerable  quantity.     (F)  Ether  peroxide  is  acidic. 

That  the  ethyl  group  is  directly  attacked  in  the  peroxidation  is  proved 
by  (E),  since  aldehyde  could  not  be  formed  here  as  the  result  of  a  secondary 
oxidation,  except  at  the  expense  of  active  oxygen.  That  only  one  ethyl 
group  enters  into  reaction  with  oxygen  is  shown  by  both  (D)  and  (E) 
because  in  both  cases  considerable  quantities  of  alcohol  are  formed.  That 
the  hydrogen  of  only  one  carbon  atom  has  been  affected  is  shown  by  the 
formation  of  methane  (D).  The  acidic  nature  of  the  peroxide  indicates 
the  presence  of  an  OOH  group,  fpr  both  the  mono-alkyl  and  mono-acyl 
derivatives  of  hydrogen  peroxide  are  known  to  form  salts. 

If  hydrogen  is  not  removed,  but  merely  displaced,  we  have  the  following 
structure  (I)  which  is  a-ethoxyethyl  hydrogen  peroxide. 

X)OH  O 

CHiC---H  CH,C— Ov  CH,C— O 

^^»/  C,H/  C,Hi— O 

I  II  III 

If  hydrogen  is  removed,  ethyl  peracetate  (II)  might  be  formed  which 
differs  from  (I)  by  having  2  atoms  less  of  hydrogen. 

Baeyer  and  ViUiger^^  state  that  the  odor  of  the  latter  substance  is 
similar  to  chloride  of  lime.  This  cannot  be  said  of  ether  peroxide.  Also 
according  to  Baeyer  and  Villiger,  ethyl  peracetate  yields  ethyl  hydrogen 
peroxide  upon  treatment  with  alkali,  and  the  latter  has  been  shown  by 
the  same  authors  to  be  stable  in  alkaline  solution.  Ether  peroxide,  on 
the  other  hand,  when  treated  with  alkali  soon  loses  its  active  oxygen 
and  is  converted  into  a  resinous  product.  Such  a  very  improbable  struc- 
ture as  (III)  which  would  be  isomeric  with  ethyl  peracetate  could  not  3rield 
aldehyde  on  hydrolysis  except  by  loss  of  active  oxygen.  Also,  it  would 
be  difficult  to  explain  the  formation  of  methane  and  alcohol  by  the  de- 
composing action  of  light. 

Formula  I  is  in  agreement  with  all  the  experimental  facts  and  therefore 
represents  the  true  structure  of  ether  peroxide.  Accordingly  the  latter 
is  formed  simply  by  the  displacement  of  one  hydrogen  atom  of  a  methylene 
1*  Baeyer  and  VUliger,  Ber.,  34, 746  (1901). 
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group  by  one  molecule  of  oxygen,  the  net  result  being  the  addition 

CH8CH2\ 
of  a  molecule  of  oxygen  to  a  molecule  of  ether.  ^O  +  O2  = 


CjHft/ 


/OOH 


^  V       .       This  conclusion  is  strengthened  by  the  highly  probable 

theory  of  Baeyer  and  Villiger^'  concerning  the  autoxidation  of  benzalde- 

/H  /OOH 

hyde  which  takes  place  as  follows:      C^HsC^O  +  02  =  C^HsC^O. 

Under  the  influence  of  light  the  decomposition  of  ether  peroxide  takes 
place  in  two  ways. 

/OOH  yOOH 

CH,C— H  CH,d— H 

^  -  CH4  +  CO2  +  CjHsOH  yo = 2CH,CH0  +  H,0 

C,H»  CHs 

(1)  (2) 

/OOH 

CH  CH 
The  action  of  acidulated  water  is  as  follows:  \^   . 

/0  +  H,0= 

CH» 
CHjCHO  +  CjHsOH  +  HjOj.     It  is  possible  that  to  some  extent  the 

/OOH  /OH 

CHjCH  CHjCH 

mono-acetal  is  fonned  ^  +  h,0  =  >  +  H,0,. 

C2H5  CsHs 

The  results  obtained  with  ethyl  ether  have  naturally  suggested  a  study 
of  other  ethers  and  a  number  of  these  have  been  tried  in  a  preliminary  way. 
All  have  been  foimd  to  undergo  peroxidation.  The  rapidity  of  peroxide 
formation  appears  to  increase  with  increasing  size  of  the  molecule  although 
a  pronounced  progressive  increase  in  the  rate  like  that  with  ethyl  ether 
has  not  been  observed  with  butyl  or  amyl  ethers.  Ethers  containing 
a  benzyl  group  oxidize  more  rapidly  than  those  of  the  aliphatic  group 
and  in  the  case  of  benzyl  methyl  ether,  peroxidation  takes  place  to  the  ex- 
tent of  20-25%  in  the  course  of  a  month.  A  study  of  the  peroxidation 
of  ethers  is  being  continued. 

Summary 

Ether  absorbs  oxygen  from  ^e  air,  very  slowly  at  first  with  the  forma- 
tion of  a  peroxide  by  direct  addition.    The  rate  of  peroxidation  becomes 
>•  Ref.  12,  p.  1569. 
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much  greater  in  time  due  to  the  catalytic  influence  of  acetic  aldehyde, 
the  latter  being  formed  by  spontaneous  decomposition  of  the  peroxide. 

Ether  peroxide  has  been  prepared  in  suflScient  quantity  to  permit  a  study 
of  its  properties  and  decomposition  products,  and  a  structural  formula 
has  been  assigned  to  it.  , 
Dbtroit,  MicmcAN 

[Contribution  prom  th«  Rbssarch  Dspartmbnt  op  thb  Barrbtt  Company] 
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Until  comparatively  recently  very  little  maleic,  fumaric  and  malic  adds 
have  been  available  to  the  chemist  for  investigation.  The  difficulty 
of  obtaining  even  moderate  quantities  from  natural  sources  discouraged 
work  along  these  lines  and  a  considerable  portion  of  the  data  in  the  litera- 
ture is  inaccurate  and  misleading  owing  to  the  meagre  quantities  with  which 
chemists  had  to  deal.  The  authors**  described  a  method  for  the  synthesis 
of  maleic  acid  by  the  partial  oxidation  of  benzene  in  the  presence  of  a 
catalyst  which  has  resulted  in  ample  suppUes  of  material  becoming  avail- 
able. We  desire  here  to  present  some  results  on  the  reactions  of  maleic, 
fumaric  and  malic  acids  in  respect  to  the  transformation  of  maleic  acid 
to  fumaric  acid  and  malic  acid  and  of  fumaric  acid  to  malic  acid. 

The  earliest  work  on  the  transformation  of  fumaric  acid  to  malic  acid  was  carried 
on  by  F.  Loydl'  who  heated  fumaric  acid  with  dil.  caustic  soda  solution  at  about  100  ** 
for  100  hours  and  in  this  way  converted  about  52%  of  the  fiunaric  acid  into  malic  add. 
He  states  that  the  malic  add  is  ddiquescent  in  a  moist  atmosphere,  optically  inactive 
and  decomposes  at  200°  into  water  and  fumaric  acid  without  giving  a  trace  of  maleic 
acid. 

E.  Yungfleisch*  claims  that  malic  acid  with  a  small  amount  of  water  is  converted 
almost  completdy  to  fumaric  add  when  heated  in  a  sealed  tube  at  180°.  As  the  propor- 
tion of  water  is  not  stated,  the  results  are  of  questionable  value.  He  further  states 
that  at  150°  in  the  presence  of  a  large  excess  of  water  fumaric  acid  is  converted  in  part 
to  malic  acid  which  latter  is  identical  with  inactive  malic  acid. 

A.  Pictet*  repeated  the  latter  part  of  Yungfleisch's  work  on  the  preparation  of 
malic  add.  He  gives  no  experimental  details  of  the  reaction  but  describes  the  product 
as  non-deliquescent  and  decomposing  at  135°,  giving  maldc  anhydride  and  water  in  the 
distillate  and  fumaric  acid  in  the  residue.  He  dedded  that  he  obtained  a  different  prod- 
uct from  that  of  Loydl,'  not  realizing  that  the  latter  probably  obtained  an  impure 
product  by  the  method  he  employed,  and  concluded  that  there  were  probably  two 
varieties  of  inactive  malic  acid  corresponding  to  racemic  and  meso-tartaric  acids. 


1  Weiss  and  Downs,  J.  Ind.  Eng.  Chem.,  12,  228  (1920). 

*  U.  S.  pats.  1,318,631;  1,318,632;  1,318,633;  1,377,534. 
»  Loydl,  Ann.,  192,  80  (1878). 

*  Yungfleisch,  BuU.  soc.  Mm.,  30,  147  (1878). 
»  Pictet,  Ber.,  14,  2648  (1881). 
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H.  J.  Van't  Hoff,  Jr.*  followed  the  Loydl  procedure  using  maleic  acid  but  gives  no 
details.  He  concludes  that  the  malic  acid  obtained  is  the  same  as  that  he  had  previously 
obtained^  from  monobromosuccinic  acid. 

Tanatar"  made  the  statement  that  maleic  acid  could  be  completely  converted  into 
fumaric  acid  by  heating  with  water. 

This  statement  was  denied  by  Skraup'  who  published  a  rather  extended  account  of  ■ 
experimental  work  in  this  connection.  He  brought  out  the  following  facts.  All  adds  to 
a  greater  or  lesser  degree  aid  the  reaction  of  the  change  of  maleic  acid  to  fumaric  add. 
Maleic  add  heated  tmder  pressure  with  water  gives  fumaric  add  under  conditions  where 
malic  add  is  not  converted  into  fumaric  add,  thus  allowing  the  conclusion  that  malic 
acid  is  not  an  intermediate  product  in  the  transition  from  maleic  to  fumaric  acid.  He 
shows  that  at  the  lower  temperatures,  starting  with  maldc  add,  an  equilibrium  exists 
among  all  three  acids,  while  at  the  higher  temperatures  only  between  malic  and 
fumaric  adds.  He  also  repeated  Loydl's  experiments'  using  both  maleic  and  fumaric 
acids  as  raw  materials,  but  slightly  changed  the  procedure  so  as  to  insure  a  purer  product. 
He  obtained  an  inactive  malic  acid  from  each  and  showed  that  the  behavior  on  heating 
both  these  adds  as  well  as  active  malic  adds  was  identical  and  different  from  that  stated 
by  Loydl.  Heated  rapidly  to  200°  the  dry  adds  gave  maleic  and  fumaric  adds  in  about 
equal  amounts,  but  heated  slowly  they  formed  fumaric  acid  to  the  extent  of  about 
nine  times  the  quantity  of  maleic  acid.  Maleic  acid  heated  alone  at  130°  gave  fumaric 
acid  and  malic  acid. 

Tanatar"  replies  to  Skraup  and  states  that  a  10-30%  aqueous  solution  of  maleic 
acid  heated  in  a  sealed  tube  for  2  hours  at  200-220°  is  practically  entirdy  converted  into 
ftunaric  add,  and  under  like  conditions  malic  acid  is  left  unchanged.  Tanatar  admits, 
however,  that  his  experiments  were  only  qualitative  and  that  small  quantities  only  were 
used,  so  that  we  can  fairly  conclude  that  his  results  are  unreliable.  The  artide  is  long  and 
for  the  most  part  polemical. 

A  reply  was  made  by  Skraup**  which  is  largely  polemical  in  nature  but  gives  the 
results  of  a  few  more  experiments  on  heating  maleic  acid  alone  and  in  the  presence  of 
benzol.  In  the  former  case,  all  three  adds  were  found  in  the  reaction  product  and  in  the 
latter  the  same  general  results  were  obtained  except  that  the  greater  portion  of  the  un- 
changed maleic  acid  was  isolated  from  the  benzol  solution  as  the  anhydride. 

Later  Tanatar**  replied  again  but  the  article  is  entirdy  polemical  in  nature. 

In  general,  with  regard  to  the  literature  we  may  say  that  in  most  cases 
the  amounts  of  materials  used  were  too  small  for  accurate  results  and  there 
is  considerable  doubt  as  to  the  purity  of  the  substances  employed.  There- 
fore, our  real  knowledge  of  these  reactions  up  to  the  present  has  been  in 
many  ways  inaccurate  and  certainly  incomplete. 

Analjrtical  Methods. — Since  the  determination  of  the  equilibria  of 
these  three  acids  in  water  solution  was  dependent  upon  a  knowledge  of  the 
composition  of  the  water  solutions,  methods  of  analysis  had  to  be  developed. 

It  was  early  fotmd  that  fumaric  acid  could  easily  be  determined  within 

•  Van't  HofF,  Jr.,  Ber.,  18, 2713  (1885). 

'  Ref.  6,  p.  2170. 

»  Tanatar,  /.  Russ.  Phys.  Chem.  Soc,  22,  1,  310-312  (1890). 

•Skraup,  Monatsh.,  12,  107  (1891). 

"  Tanatar,  Ann.,  273, 31-65  (1893). 

i»  Skraup,  Monatsh.,  14,  501  (1893). 

»  Tanatar,  Ber.,  27,  1365  (1894). 
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a  reasonable  degree  of  accuracy  when  the  temperature  of  the  water  solu- 
tions of  malic  acid  was  known,  due  to  its  slight  solubility.  The  solubility 
of  fumaric  acid  was  determined  to  be  0.7  g.  per  100  g.  of  water  at  25**. 
All  determinations  of  fumaric  acid  were  therefore  made  at  25  ®  and  provided 
sufficient  agitation  and  time  to  assure  solution  equilibrium. 

Although  considerable  work  has  been  done  on  the  salts  of  malic  and 
maleic  acids,  no  satisfactory  method  of  analysis  has  been  developed  to 
determine  quantitatively  these  acids  mixed  in  water  solution. 

It  was,  however,  foimd  that  when  the  amoimt  of  maleic  add  in  solution 
was  very  small  the  bromine  method,  described  below,  was  quite  accurate. 

WisUcenus^'  reported  that  maleic  acid  in  water  solution  is  transformed 
into  fumaric  acid  by  the  use  of  bromine  and  iodine  but  not  by  chlorine  in 
the  presence  of  light.  In  no  case  did  the  halogens  attack  the  double 
bond.  Since  little  information  was  available  concerning  the  quantita- 
tive relations  of  this  reaction,  a  study  was  imdertaken  to  determine 
whether  it  was  capable  of  development  into  a  method  for  the  quantita- 
tive estimation  of  maleic  acid  in  the  presence  of  malic  acid. 

Dimng  our  investigation,  different  sources  of  Ught,  that  is,  sunlight, 
an  incandescent  bulb  and  a  Hanovia  merciuy  vapor  quartz  light,  were 
tried  for  this  purpose.  The  speed  of  reaction  under  the  effect  of  the 
last  was  by  far  the  greatest  and  since  it  appeared  that  a  long  time  of  con- 
tact of  the  bromine  and  the  acid  resulted  in  the  formation  of  by-products 
a  quick  acting  test  was  desirable. 

The  method  of  procedure  finally  adopted  was  as  follows. 

The  water  solution  of  about  40%  malic  acid  containing  small  amounts 
of  maleic  acid  was  saturated  with  fumaric  acid  by  agitating  at  25®  in  a 
thermostat.  When  this  solution  contained  only  mahc  and  maleic  acids, 
an  excess  of  solid  fumaric  acid  was  added  thereto.  In  the  solutions  taken 
from  the  bombs  during  the  equilibrium  experiments,  there  was  always  an 
excess  of  solid  fumaric  acid. 

After  saturation  of  the  solution  with  fumaric  acid  had  become  complete, 
the  imdissolved  fumaric  acid  was  filtered  off,  care  being  taken  to  maintain 
the  temperature  of  the  solution  at  25°  by  immersing  the  filtering  apparatus 
in  the  thermostat. 

The  clear  filtrate  was  placed  in  transparent  fused  quartz  test-tubes  of 
about  12  mm.  in  diameter  and  15  cm.  long.  A  very  small  amount  of 
liquid  bromine,  that  is,  about  0.005  cc,  was  run  in  from  a  capillary  tube 
and  the  quartz  tube  was  placed  under  a  Hanovia  ultra-violet  mercury 
vapor  lamp  at  a  distance  therefrom  of  about  11  cm.  The  time  of  exposure 
was  about  10  minutes,  after  which  the  liquid  was  decanted  as  com- 
pletely as  possible  from  the  remaining  liquid  bromine  at  the  bottom  of  the 
tube.  The  solution  was  placed  in  a  dry  bottle,  iced  externally  until 
"  Wislicenus.  Bcr.,  29.  1080  (1896). 
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seed  crystals  of  fumaric  acid  separated  and  then  the  bottle  was  placed 
in  the  thermostat  as  before  at  25  °.  It  was  found  and  checked  by  a  number 
of  observers  that  if  the  crystals  of  fimiaric  acid  did  not  dissolve  there  was 
at  least  one  part  of  maleic  acid  per  thousand  parts  of  malic  acid  in  the  orig- 
inal solution. 

Since  the  object  of  this  investigation  was  the  study  of  the  equiUbrium 
at  the  higher  temperatures,  the  conditions  were  such  that  there  were 
only  very  small  amounts  of  maleic  acid  in  the  resultant  products.  The 
test  as  described  above  is  not  quantitatively  acciu^te  for  the  estimation 
of  all  percentages  of  maleic  acid,  but  was  satisfactory  for  the  purposes 
of  the  experiments  described  in  the  present  paper. 

Shotdd  the  equilibria  at  lower  temperatures  be  investigated,  an  accu- 
rate method  for  the  analysis  of  malic-maleic  acid  mixtures  in  water  so- 
lution would  have  to  be  developed. 

Apparatus  and  Procedure  for  the  Conversion  Experiments 

A  water  solution  of  the  acid  was  placed  in  a  thin-walled  Pyrex  glass 
tube  having  a  length  of  18-19  cm.  and  an  external  diameter  of  3  cm. 
The  glass  tube  was  then  inserted  into  a  stout  steel  bomb  which  was  about 
30  cm.  long  and  5  cm.  in  diameter  (external  dimensions).  The  bore  of 
the  steel  tube  was  just  large  enough  so  that  the  glass  tube  rested  easily 
therein.  A  Uttle  water  was  placed  between  the  glass  tube  and  the  steel 
bomb  wall  to  insure  good  heat  transference.  A  glass  cap  rested  upon  the 
open  end  of  the  glass  tube  to  prevent  the  acid  solution  from  becoming 
contaminated  with  iron  rust.  The  bomb  was  closed  by  screwing*a  steel 
plug  into  the  open  end,  an  altunintun  gasket  being  used  to  make  a  tight 
joint. 

The  steel  bomb  with  its  contents  was  then  suspended  in  an  upright 
position  in  an  agitated  oil-bath  which  had  previously  been  heated  to  the 
desired  temperature.  After  the  bomb  had  been  heated  for  the  desired 
length  of  time,  it  was  lifted  from  the  oil-bath  and,  after  the  excess  oil  was 
removed  from  it,  immersed  in  a  vessel  of  cold  water.  When  thoroughly 
cooled  the  bomb  was  opened  and  the  glass  tube  removed. 

The  contents  of  the  glass  tube  were  then  cooled  to  25®,  filtered  with  suc- 
tion and  the  fumaric  acid  washed  quickly  with  a  small  amount  of  cold  water. 
It  wasf  oimd  that  when  this  washing  was  done  sufficiently  rapidly  the  amount 
of  fumaric  acid  dissolved  in  the  wash  water  was  negligible.  The  washings 
and  original  filtrate  were  combined  and  titrated  with  standard  caustic 
alkali  solution.  The  fumaric  acid  which  was  filtered  oflf  was  dried  at 
110®  and  weighed.  Correction  was  finally  made  for  the  amoimt  of  fumaric 
add  dissolved  in  the  malic  acid  solution  by  applying  the  solubiUty  of 
fumaric  add  (0. 7  g.  of  acid  in  100  g.  of  water  at  25**)  to  the  original  amount 
of  water  taken. 
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The  filtrate  containing  the  malic  acid,  small  amomits  of  fumaric  acid 
and  maleic  acid,  if  any,  was  evaporated  at  a  low  temperature  imder  a 
vacuum  to  20  cc.  volume  and  cooled  to  25®  to  precipitate  fumaric  add. 
Low  temperatiu-e  evaporation  was  used  to  prevent  any  further  reverse 
conversion  of  malic  acid  to  fumaric  acid,  as  it  had  been  shown  that  even 
heating  a  solution  of  malic  acid  below  100**  gave  no  fumaric  acid.  The 
solution  was  then  placed  in  a  thermostat  as  directed  imder  the  test  for 
maleic  acid  given  above.  Although  this  test  is  not  quantitative  for 
various  amoimts  of  maleic  acid,  it  is  evident  that  only  very  small  errors 
could  have  arisen  in  this  work  as  the  amount  of  maleic  acid  was  always 
below  0.5%  of  the  total  acids  present. 

A  great  many  experiments  have  been  made  using  various  sizes  of 
autoclaves,  but  since  the  results  in  general  check  those  obtained  in  these 
small  bombs,  no  description  of  them  is  considered  of  interest  here.  The 
only  factor  of  importance  in  treating  large  volumes  of  solution  which 
diflfered  from  the  results  given  in  this  paper  is  that  of  the  time  of  heating. 
Agitation  of  large  voliunes,  particularly  where  solid  fumaric  acid  is  present, 
is  needed  to  hasten  the  final  equilibrium. 

Preparation  of  Materials. — The  maleic  acid  was  prepared  by  dissolving 
in  distilled  water  maleic  anhydride  which  was  made  from  high  purity 
maleic  acid  by  several  redistillations  under  high  vacuum.  It  was  pre- 
served ready  for  use  in  a  stoppered  bottle  in  a  desiccator.  It  gave  a 
solidifying  point  of  52.6®,  and  titrated  as  99. 1%  piu-e  maleic  anhydride. 

The  inactive  malic  acid  was  carefully  prepared  by  autoclaving  maleic 
acid,  followed  by  careful  purification  to  remove  fumaric  acid.  It  contained 
no  fumaric  acid  and  no  maleic  acid  as  shown  by  the  bromine  test.  It 
titrated  99.6%  pure. 

The  fiunaric  acid  was  made  by  recrystallizing  high  purity  fumaric 
acid  several  times  from  water  and  titrated  99.8%  piu-e. 

The  levo-msMc  acid  was  a  commercial^*  product  supposedly  made  from 
maple  **sugar  sand."     It  titrated  95.15%  pure  malic  acid. 

Experimental  Results^^ 

The  main  results  are  shown  graphically  in  Figs.  1,  2  and  3  covering  the 
effect  of  time,  temperature  and  concentration  on  the  equilibrium.  The 
conversion  is  expressed  as  the  percentage  of  either  maleic  or  fimiaric  acid 
converted  to  malic  acid.  The  results  used  in  the  curves  are  the  average 
of  two  check  determinations.  When  fumaric  was  used  in  the  experi- 
ments, we  were  never  able  to  detect  maleic  acid  in  the  products.  In 
the  maleic  series  at  the  lower  temperatures  and  times,  maleic  acid  was 

*♦  Eastman  Kodak  Company. 

"  Much  of  the  work  on  this  problem  was  carried  out  by  Messrs.  F.  Boettner.  H. 
P.  Corson  and  E.  Wolesensky  of  The  Barrett  Company  Research  Laboratory  staff. 
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found  in  the  product  but  the  amount  never  exceeded  0.5%  of  the  acid 
used  initially. 

When  maleic  acid  is  used,  we  have  a  homogeneous  system  throughout 
but  with  fumaric  acid  without  agitation  the  insolubility  probably  retards 
the  reaction  speed  to  a  certain  extent.     However,  it  was  proved  that  at 
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FIGURE    3. 
Effect  of  Concent RATio>i. 
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least  at  the  conclusion  of  the  heating  period  in  our  experiments  we  had  a 
homogeneous  system,  that  is,  all  products  were  in  solution. 

Some  further  tests  were  made  heating  inactive  malic  acid  with  water 
to  see  if  approximately  the  same  end-point  were  reached.  At  a  concen- 
tration of  40%  and  a  temperatiu-e  of  180®  after  7  hoiu^  25. 1%  of  malic 
acid  had  changed  to  fumaric;  after  10  hoiu^,  29. 1%  had  changed.  The 
reaction  appears  to  approach  the  same  end-point  as  when  converting 
fumaric  acid  to  malic  acid. 

A  like  test  was  carried  out  on  the  levo-msilic  acid  obtained  from  maple 
sugar  sand.  Two  nms  were  made  at  180®  for  10  hoiu^  at  a  40%  concen- 
tration and  gave  results  of  26.4  and  27.2%  conversion  to  fumaric  add. 
The  residual  malic  acid  was  compared  with  the  original  by  polariscope 
methods. 

300  mm.  tube,  25**,  10%  solutions  [a  J? 

Original  malic 0.63**  1 .8** 

After  pressure  treatment 0.07**  0.24** 

Ordinary  inactive  malic 0 .02**  0.07'' 

It  may  be  seen  that  here  also  we  are  approaching  the  same  end-product. 

There  were  also  a  few  experiments  in  which  maleic  add  was  heated 
alone,  without  the  presence  of  a  solvent.  Four  flasks  containing  maleic 
add  were  heated  in  a  glycerine-bath  at  140®.  In  5  minutes  all  the  maldc 
add  was  mdted.  Shortly  afterward,  fumaric  acid  crystals  began  to  form 
in  the  molten  mass  and  fall  to  the  bottom. 
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This  seems  to  show  that  malic  acid  is  not  an  intermediate  product, 
for  otherwise  there  would  be  a  period  where  malic  acid  predominated  in 
amount  over  the  fumaric  acid. 

On  the  basis  of  the  results  obtained  we  at  first  attempted  to  calculate 
the  physical-chemical  equilibrium  constants  but  soon  found  that  the  meth- 
ods of  manipulation  and  our  lack  of  certain  essential  facts  made  it  im- 
possible to  make  such  calculations  with  even  an  approximate  degree  of 
accuracy.  We  need  only  call  attention  to  the  fact  that  we  did  not  have 
knowledge  of  the  density  of  the  final  product  at  the  temperattures  and  pres- 
sures used,  and  that  due  to  the  empty  space  in  the  bomb  above  the  charge 
there  was  a  certain  amount  of  water  volatilized  from  the  solution  dining 
the  operation,  and  as  this  was  an  indefinite  volume  no  very  accurate  esti- 
mate of  the  molar  concentration  could  be  made. 

Summary 

1.  We  have  shown  that  in  water  solution  at  the  lowest  temperatures 
investigated  an  equilibrium  exists  among  maleic,  malic  and  fumaric 
acids. 

2.  At  the  higher  temperatures  maleic  acid  substantially  disappears 
and  the  equilibrium  is  between  fumaric  acid  and  inactive  malic  acid. 

3.  At  the  higher  temperatures  approximately  the  same  end-point 
is  reached  whether  one  starts  with  maleic,  fumaric,  inactive  malic  or  levp- 
malic  acid. 

4.  An  analytical  method  is  described  for  the  detection  of  small  amounts 
of  maleic  acid  in  mixtures  with  fumaric  and  malic  acid. 

5.  Malic  acid  solutions  are  practically  unchanged  by  simple  boiling 
at  atmospheric  pressure. 

6.  Malic  acid  does  not  appear  to  be  necessarily  an  intermediate  product 
in  the  transformation  of  maleic  to  fumaric  acid. 

7.  An  exact  study  of  the  equilibrium  conditions  among  these  acids 
would  be  of  great  scientific  interest.  We  have  pointed  out  certain 
manipulative  and  analytical  difficulties  which  would  have  to  be  overcome 
before  such  accurate  determinations  could  be  made. 

Nbw  York.  N.  Y. 
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group  of  the  second  molecule.  This  reaction  corresponds  to  that  which 
takes  place  when  phenols  or  naphthols  react  with  benzaldehyde.  Phenols 
or  naphthols  do  not  react  with  benzaldehyde  unless  a  mineral  acid  is 
used  and  then  the  reaction  proceeds  readily,  with  or  without  a  solvent  such 
as  glacial  acetic  acid.*^  Ordinarily,  triphenylme thane  derivatives  are 
obtained,  but  Claisen**  has  shown  that,  by  working  at  low  temperatures, 
the  acetals  from  certain  of  the  phenols  and  naphthols  could  be  isolated 
as  intermediate  products.  Whereas  ordinary  phenol-benzaldehyde  acetals 
tend  chiefly  to  rearrange  to  triphenylmethane  compounds,  this  salicyl 
aldehyde  hemi-acetal  of  salicyl  aldehyde  has  a  tendency  to  condense  as 
shown  in  Steps  III  and  IV,  which  involve,  respectively,  acetal  formation  and 
dehydration  to  form  disalicyl  aldehyde. 

If  this  explanation  is  correct,  it  may  be  imderstood  why  various  acid 
chlorides  cause  the  reaction  to  take  place.  A  small  amount  of  acid  chloride 
reacts  first  with  the  hydroxyl  of  the  salicyl  aldehyde,  giving  hydrochloric 
acid.  This  mineral  acid  being  the  catalyst  usually  used  for  the  formation 
of  an  acetal  causes  Steps  II  and  III  to  occur.  The  remaining  portion  of  the 
acid  chloride  now  acts  as  a  dehydrating  agent  to  remove  water  and  thus 
gives  Step  IV.  This  deduction  leads  to  the  conclusion  that  any  very  small 
amount  of  mineral  acid  in  the  presence  of  a  dehydrating  agent  should 
cause  this  reaction  to  take  place.  Experiments  fully  substantiated  this. 
Salicyl  aldehyde  is  unaffected  by  cold  acetic  anhydride  even  after  long 
standing.  If  to  this  mixture,  however,  a  small  drop  of  cone,  sulfuric 
acid  is  added,  an  immediate  reaction  takes  place.  The  mixtiu^  turns  red 
and  heat  is  evolved  sufficient  to  boil  the  acetic  anhydride,  if  it  is  not  cooled. 
Inside  of  3  minutes  after  the  sudden  reaction  is  over,  disalicyl  aldehyde 
separates  from  the  cooled  reaction  mixture  in  yields  which  amount  to 
more  than  85%  of  those  calculated.  In  place  of  sulfuric  acid,  phosphoric 
acid  or  hydrochloric  acid  may  be  used. 

Acids  are  catalyzers  for  the  decomposition  as  well  as  for  the  formation 
of  acetals.  Treatment  of  disalicyl  aldehyde  with  cone,  sulfuric  acid  to 
yield  salicyl  aldehyde  has  already  been  mentioned.  Warming  with  strong 
acid  is  rather  drastic  treatment,  however.  A  very  simple  experiment  show- 
ing the  decomposition  of  disalicyl  aldehyde  with  acids  consists  in  treating 
pure  disalicyl  aldehyde  with  an  excess  of  acetic  anhydride.  No  reaction 
takes  place,  even  on  long  boiling.  When,  however,  a  drop  of  sulftuic  acid 
is  added  to  the  cold  solution  and  the  mixttue  allowed  to  remain  at  room 
temperatiu*e,  large,  heavy  transparent  crystals  separate  from  the  solution 
within  24  hours.    These  crystals  are  salicyl  aldehyde  triacetate. 

If  Steps  III  and  IV  described  abovea  re  correct,  it  should  be  possible  to 
form  with  ease  a  compound  of  properties  similar  to  disalicyl  aldehyde  by 

"  Russanow,  Ber.,  22,  1944  (1889).     Michael.  Am.  Chem.  /.,  9, 130  (1885), 
"  Claisen,  Ann.,  2^*7,  269  (1887), 
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The  analogy  is  best 


the  condensation  of  saligenin  with  benzaldehyde. 
shown  by  the  following  two  equations. 
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It  is  true  that  the  hydroxyl  group  in  the  saligenin  is  an  alcohol  group, 
while  that  in  the  intermediate  step  of  the  formation  of  disalicyl  aldehyde 
is  a  hemi-acetal  hydroxyl;  nevertheless  the  reactions  should  proceed  in 
a  somewhat  similar  manner.  The  experiments  came  up  to  expectations. 
The  reaction  between  saligenin  and  benzaldehyde  does  take  place  witli  the 
greatest  ease  and  does  give  a  compound  which  is  exactly  analogous  to 
disalicyl  aldehyde  in  properties.  In  fact,  the  reaction  takes  place  so  readily 
that  it  is  merely  necessary  to  warm  these  two  substances  together  in  the 
presence  of  a  very  small  amount  of  acid  without  the  use  of  a  solvent  or 
•dehydrating  agent.  To  get  the  best  results  in  forming  disalicyl  aldehyde, 
a  high  temperature  must  be  avoided;  likewise  a  high  temperatiu"e  must  be 
avoided  in  the  formation  of  this  new  product.  The  compound  forms 
with  such  ease  that  even  benzoic  acid  acts  as  a  catalyst  and  in  fact  it  is 
preferable  to  use  this,  rather  than  hydrochloric  acid,  since  the  latter  tends 
to  cause  saligenin  to  condense  with  itself  to  a  certain  extent,  thus  lowering 
the  yield  of  desired  product. 

This  new  condensation  product  of  saligenin  and  benzaldehyde  is 
2-phenyl-l,3-benzodioxan  or  phenyl -methylene  saligenin.  It  is  a  well 
crystallized  compound,  unreacted  upon  by  hydroxyl  or  carbonyl  group 
reagents,  insoluble  in  and  extremely  stable  to  alkalies.  It  dissolves  in 
warm  cone,  sulfuric  acid  to  give  a  red  solution  which,  on  dilution,  yields 
benzaldehyde  and  a  resinous  substance,  presumably  a  saUgenin  con- 
densation product.  The  compound  decomposes  in  a  manner  similar  to 
that  of  disalicyl  aldehyde  when  dissolved  in  acetic  anhydride  and  treated 
with  a  drop  of  sulfuric  acid.  Beuzylidene  di-acetate  is  readily  obtained, 
together  with  a  saligenin  resin. 
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The  reaction  represented  by  the  condensation  of  saligenin  and  beni- 
aldehyde  to  give  a  benzo-dioxan  is  not  a  limited  one.  It  has  ah-eady 
been  shown  that  other  aldehydes  react  in  the  same  way  with  saligenin 
and  an  investigation  as  to  the  scope  of  this  reaction  is  now  under  way. 

The  structure  represented  by  disalicyl  aldehyde  involves  a  new  type 
of  nucleus  and  consequently  it  is  necessary  to  outUne  a  convenient  system 
of  nomenclature.  The  following  formula  represents  the  nucleus  and 
numbered  as  in  the  figure  should  be  called  a  2,6,9  bis-dioxan. 

8|  jl 

— C C 02 

7^0      90       c/a 

By  using  this  system  of  nomenclature,  disalicyl  aldehyde  is  then  dibenzo- 
2,6,9-bis-dioxan. 

A  compoimd  which  is  probably  of  analogous  structure  to  disalicyl 
aldehyde  is  formed  when  o-amino  arsine  oxide  is  diazotized  in  dilute 
aqueous  solution  and  the  diazo  compound  treated  with  sulfurous  add. 
Two  molecules  of  the  intermediate  o-hydrox/-arsine  oxide,  which  is  very 
similar  in  constitution  to  saUcyl  aldehyde,  lose  a  molecule  of  water  spon- 
taneously and  form  the  anhydride,  a  substance  which  the  writer  desig- 
nates as  o-hydroxy-phenyl-arsinoxide  anhydride.^' 
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The  formation  of  such  a  compound  as  disalicyl  aldehyde  from  salicyl 
aldehyde  is  of  more  than  ordinary  interest  because  of  the  fact  that  ali- 
phatic /3-hydroxy  aldehydes  should  resemble  salicyl  aldehyde  in  their  re- 
actions. The  former  substances  should,  therefore,  be  expected  to  form 
bis-dioxans,  and  preliminary  experimental  evidence  leads  to  the  conclusion 
that  such  is  the  case.  Since  the  monosaccharides  are  j8-hydroxy  aldehydes, 
it  is  possible  that  some  of  the  complex  condensation  products  of  the  mono- 
saccharides contain  this  bis-dioxan  grouping. 

Experimental  Part 

Preparation  of  Disalicyl  Aldehyde  (dibenzo-2,6,9-bis-dioxaii). — ^Thirty  f. 
(1  mole)  of  salicyl  aldehyde  and  25  g.  (1  mole)  of  acetic  anhydride  are  mixed  and  cooled 
to  0  °  in  an  ice-and-salt  mixture.  One  drop  of  cone,  sulfuric  acid  is  added  and  the  mixture 
immediately  stirred  to  make  it  homogeneous.  Within  10  seconds  a  deep  cherry-red  cok)r 
has  developed  and  a  vigorous  reaction  takes  place  which  is  complete  within  2  or  3  minutes, 
after  which  time  the  mixture  practically  solidifies.    The  mass  is  stirred  thoroughly  in 

»  Kalb,  Ann.,  423,  70  (1921). 
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order  to  be  sure  that  all  of  the  salicyl  aldehyde  has  reacted,  and  it  is  best  to  allow  the 
mixture  to  stand  in  the  ice  for  5  or  10  minutes  longer.  By  filtration  with  suction  and 
'washing  with  water,  then  drying,  24  g.  of  disalicyl  aldehyde  is  obtained  which  corre- 
sponds to  over  85%  of  the  calculated  amount.  There  is  a  small  additional  amount  of 
product  formed  by  allowing  the  filtrate  from  the  crystals  to  stand  in  ice  for  10  to  15 
minutes  longer. 

The  product  is  best  piuified  by  recrystallization  from  alcohol,  from  which  it  forms 
white,  prismatic  needles  melting  at  130  °  (corr. ) .  The  melting  points  previously  reported 
in  the  literature  vary  from  127  °  to  130  °. 

If  a  larger  amount  of  acetic  anhydride  is  used,  the  reaction  takes  place  in  essentially 
the  same  way  but  not  so  good  a  yield  results.  It  is  also  necessary  to  take  certain  pre- 
cautions in  using  larger  amounts  of  acetic  anhydride;  the  mixture  should  not  be  allowed 
to  stand  too  long  before  filtering  the  disalicyl  aldehyde  since  the  latter  reacts  with  acetic 
anhydride  in  the  presence  of  acid  to  form  salicyl  aldehyde  tri-acetate.  With  the  smaller 
amount  of  acetic  anhydride,  the  product  precipitates  so  quickly  that  there  is  no  need 
for  longer  standing. 

If  the  reaction  mixture  is  not  very  carefully  controlled  in  an  ice  and  salt  bath,  the 
heat  evolved  is  so  great  that  the  mixture  wWl  boil,  and  on  cooling  it,  a  poorer  jdeld  of 
disalicyl  aldehyde  is  obtained. 

In  place  of  cone,  sulfuric  acid,  a  drop  of  glacial  phosphoric  acid  may  be  used. 
Hydrochloric  acid  is  also  a  catalyst  but  it  is  necessary  to  alter  the  procedure  slightly. 
One-half  of  the  acetic  anhydride  is  saturated  with  dry  hydrogen  chloride.  This  satu- 
rated solution  is  then  added  to  the  mixttu-e  of  salicyl  aldehyde  and  the  other  half  of 
the  acetic  anhydride  at  room  temperature.  The  reaction  develops  heat,  but  not  so  much 
as  in  the  case  of  the  other  acids.  A  somewhat  longer  time  is  required  for  the  precipita- 
tion of  the  disalicyl  aldehyde  and  the  yields  are  not  quite  so  high. 

Trichloro-acetic  acid  may  also  be  used  as  a  catalyst  but  the  results  are  still  poorer 
than  in  the  cases  already  mentioned. 

Conversion  of  Disalicyl  Aldehyde  to  Salicyl  Aldehyde  Tri-acetate. — Five  g. 
(1  mole)  of  disalicyl  aldehyde  is  dissolved  in  14  g.  (6  moles)  of  acetic  anhydride,  and  one 
drop  of  cone,  sulftu'ic  acid  is  added.  This  mixture  is  allowed  to  stand  at  room  tempera- 
ture for  a  day  or  two.  The  tri-acetate  of  salicyl  aldehyde  separates  in  large,  heavy 
crystals  of  rhombic  form,  some  of  which  are  6  to  12  mm.  on  a  side.  They  melt  at 
100-101°  and  do  not  lower  the  melting  point  of  salicyl  aldehyde  tri-acetate 
(m.  p.  100-101  **)  prepared  according  to  the  method  of  Barbier.** 

Preparation  of  2-Phenyl-l,3-Benzo-diozan  (Phenylmethylene  Saligenin). — 
Ten  g.  (1.1  mole)  of  saligenin  and  10  g.  (1  mole)  of  benzaldehyde  which  has  previously 
been  satturated  with  benzoic  acid,  are  heated  for  2  hours  on  a  steam  cone.  A  light  yellow 
resinous  looking  product  residts.  The  reaction  mixture,  after  standing  at  room  tempera- 
ture for  2  hours,  is  treated  with  300  cc.  of  a  5%  sodium  hydroxide  solution  and  cooled  in 
ice  so  that  the  product  will  solidify.  The  white  solid  is  filtered  and  washed  with  water. 
It  is  crude  2-phenyl-l,3-benzo-dioxan  and  corresponds  to  practically  a  quantitative 
yield  of  product.  It  is  best  purified  by  dissolving  3  g.  in  70  cc.  of  95%  alcohol,  adding 
30  cc.  of  water,  warming  this  solution  until  it  is  clear  and  then  allowing  it  to  stand  in  an 
open  beaker  at  room  temperature.  Within  half  an  hour  a  white  crystalline  precipitate 
forms.    After  two  crystallizations,  pure  material  is  produced,  melting  at  54**. 

A  drop  of  cone,  hydrochloric  acid  may  be  used  as  a  catalyst  in  place  of  the  benzoic 
acid.  It  is  then  necessary  merely  to  heat  the  reaction  mixture  of  saligenin,  benzaldehyde 
and  a  drop  of  hydrochloric  acid  until  solution  takes  place.  The  mixture  is  allowed  to 
stand  for  several  hours  at  room  temperature.     The  product  is  isolated  in  the  same  man- 

»*  Barbier,  Bull.  sor.  chim.,  [2]  33,  53  (1880). 
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ner  as  described  above,  but  the  sdelds  are  not  so  good  as  with  the  benzoic  add  method. 
If  the  reaction  mixture,  when  hydrochloric  acid  is  used,  is  heated  longer,  the  yields  are  in 
general  still  poorer,  due  probably  to  a  partial  resinification  of  the  saligenin. 

Analyses.  Subs.  0.1342:  COi,  0.3885;  H,0,  0.0715.  Subs.  0.5957,  0.4810: 
CeHe,  43.9,  43.9;  /^TF,  0.319°,  0.257^  Calc.  for  CwHuOj:  C,  79.24;  H,  5.66;  mol.  wt., 
212.     Found:  C,  78.97;  H,  5.92;  mol.  wt.,  212.  213. 

2-Phenyl-l,3-benzo-dioxan  is  soluble  in  all  the  common  organic  solvents.  It 
does  not  dissolve  in  solutions  of  alkali  and  is  unchanged  even  after  long  boiling  with  20% 
sodium  hydroxide  solution.  When  treated  with  cone,  sulfuric  acid,  an  immediate 
decomposition  takes  place  with  the  formation  of  benzaldehyde  and  red  lumps  of  resinified 
saligenin.  The  product  gives  no  aldehyde  or  ketone  test  with  sodium  hydrogen  sulfite, 
phenylhydrazine  or  hydroxylamine;  it  gives  no  test  with  hydroxy!  group  reagents  such 
as  ferric  chloride  or  acetic  anhydride  even  after  long  boiling. 

Conversion  of  2-Phenyl-l,3-benzo-diozan  to  Benzylidene  DiacetAte  and 
Saligenin  Resin.— Ten  g.  (I  mole)  of  2-phenyl-I,3-benzo-dioxan  is  mixed  with 
30  g.  (6  moles)  of  acetic  anhydride  and  one  drop  of  cone,  sulfuric  acid  at  room  tempera- 
ttu-e.  The  mixture  is  then  allowed  to  stand  for  several  days.  At  the  end  of  this  time  the 
acetic  anhydride  is  distilled  in  vacuo,  the  residue  taken  up  in  ether,  washed  with  water 
and  then  witli  a  dilute  solution  of  sodium  carbonate.  The  ether  solution  is  then  dried 
over  anhydrous  sodium  sulfate,  the  ether  distilled,  then  the  residue  distilled  in  vacuo. 
A  constant  boiling,  colorless  fraction  comes  over  at  125  °  at  4  mm.  pressure  which  on  cool- 
ing and  inoculating  with  a  crystal  of  benzylidene  diacetate  almost  completely  solidifies. 
The  melting  point  is  45*^,  which  agrees  with  that  found  in  the  literature  for  benzylidene 
diacetate.  The  residue  in  the  distilling  flask  consists  of  a  pale  yellow,  heavy  oil  which 
does  not  distil  at  250 '^  at  4  mm.  pressure  and  at  ordinary  temperatures  forms  a  resin-like 
mass  which  is  without  question  a  saligenin  resin.  • 

Summary 
1.     Disalicyl  aldehyde  has  been  shown  to  have  the  following  formula 


and  may  be  called  dibenzo-2,6,9-bis-dioxan.    The  formula  accotmts  ior  all  of 
the  known  properties  of  this  substance. 

2.  A  possible  mechanism  for  tlie  formation  of  such  a  structure  from 
salicyl  aldehyde  is  given  and  from  this  mechanism  conclusions  have  been 
drawn  as  to  new  methods  by  which  it  should  be  possible  to  prepare  di- 
salicyl from  salicyl  aldehyde. 

3.  Disalicyl  aldehyde  may  be  formed  almost  quantitatively  by  the  action 
of  a  drop  of  mineral  acid  upon  a  solution  of  saUcyl  aldehyde  in  acetic 
anhydride. 

4.  It  was  concluded  from  the  mechanism  of  the  formation  of  disalicyl 
aldehyde  that  a  compound  should  form  from  saligenin  and  benzaldehy4e 
which  should  possess  similar  properties  to  disalicyl  aldehyde.  This  sub- 
stance does  form  and  may  be  looked  upon  as  2-phenyI-l,3-benzo-diazan, 
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or  phenylmethylene  saligenin,  forming  white  plates  with  a  melting  point  of 
54®  and  having  the  structure 

CH, 

O 

I 

CH— C.H5. 

Urbana,  Illinois 


[Contribution  prom  thb  Chemistry  Department  op  the  University  op 

Queensland] 

RACEMIC  ACID  IN  SOLUTION 

By  Stuart  Wortley  Pennycuick 

Received  December  30.  1921 

Several  physical  methods  have  been  used  to  show  the  existence  (or 
nonexistence)  of  the  racemic  molecule  in  solution.  Some  have  given 
positive  results,  while  others  point  to  its  complete  breakdown  into  the 
two  active  forms. 

Bruni  and  Padoa^  from  molecular-weight  determinations  conclude  that 
racemic  acid  exists  in  solution  in  the  presence  of  excess  of  one  of  the  active 
forms.  Kuster*  by  solubiUty  determinations,  and  Dimstan  and  Thole* 
by  a  viscosity  method  find  positive  results.  Stewart*  by  absorption 
spectra  observations,  and  Rankin  and  Taylor^  also  find  evidence  of  its 
existence.  On  the  other  hand  specific  gravity  and  heat  of  neutralization 
determinations,'  as  well  as  a  rotatory  dispersion  method,^  show  no  evidence 
of  its  independent  existence. 

An  interfacial  tension  method  as  described  in  this  paper  leaves  Uttle 
doubt  that  the  racemic  molecule  does  exist  in  solution. 

The  interfacial  tensions  between  aqueous  solutions  of  (a)  dextro  tartaric, 
(6)  levo  tartaric,  (c)  racemic  acid,  and  an  inert  liquid  have  been  measured 
and  the  results  comparrt.  As  a  comparison  of  the  interfacial  tensions 
was  aimed  at,  the  drop  method  as  developed  by  Tate,*  Morgan*  and  co- 
workers, and  Lohnstein^®  was  adopted.    The  apparatus  used  was  as 

»  Bruni  and  Padoa.  AUi  accad.  Lined.,  11,  212  (1902). 

«  Kuster,  Ber.,  31,  1^47  (1898). 

«  Dunstan  and  Thole,  J.  Chem.  Soc,  93,  1815  (1908). 

•  Stewart,  ibid,,  91,  1537  (1907). 

»  Rankin  and  Taylor,  Proc.  Roy.  Sec.  Edinburgh,  27,  172  (1907). 

•  Jahn,  Wied.  Ann.,  43,  306  (1891). 

'  Darmois,  Trans.  Faraday  Soc,  10,  80  (1914). 

•  Tate,  PhU.  Mag.,  [iv]  27, 176  (1864). 

•  M^npan,  This  Journal,  30,  360  (1908). 

»•  Lohnstein,  Z.  physik.  Chem.,  64, 686  (1908). 
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described  by  Lewis.^^    The  interfacial  tension,  t,  is  taken  as  proportional 
to  the  weight  of  a  drop,  i,  e., 

K  7  density 


t=jK:  X  wt.  of  ldrop,= 


n 


where  n  is  the  niunber  of  drops  for  a  given  voliune  V.  As  the  same  volume 
is  used  in  each  case,  and  solutions  of  corresponding  densities  are  taken, 
T  ^-^  l/n.  It  is  therefore  sufficient  to  read  the  drop  number  for  fixed 
volumes,  and  plot  it  against  the  concentrations. 

Chemically  pure  dexiro  tartaric  acid  was  recrystallized.  Some  of 
it  was  converted  into  the  racemic  acid  and  the  product  recrystallized 
thrice.  Levo  tartaric  acid  was  then  made  from  racemic  acid  through 
the  cinchonine  salt,  and  recrystallized  until  its  rotation  gave  the  maximum 
value.  Thirty  per  cent,  solutions  of  the  dextro  and  levo  acids  were  made 
up  and  a  15%  solution  of  the  racemic  acid.  Corresponding  diluted  so- 
lutions were  used,  and  the  drop  number  given  by  toluene  and  by  parafiSn 
obtained.  The  abseoce  of  reaction  between  the  oil  and  the  acid  was 
shown  by  comparing  the  drop  number  given  by  the  oil  after  shaking  with 
the  acid,  with  the  drop  number  given  by  the  untreated  oil.  No  change 
was  observed. 

TxBun  I 
Drop  Nxjmber  Against  Toluene  Drop  Number  Against  Paraffin 

Concentration  Racemic       *  Racemic 

of  acid        Dexiro  acid    Levo  acid      acid  Dextro  acid    Levo  acid      add 


,  , 

171 

173 

172 

233 

235 

233 

2.5 

183 

186 

195 

260 

257 

289 

5 

200 

204 

220 

286 

285 

338 

7.5 

216 

211 

242 

310 

314 

390 

10 

233 

234 

264 

339 

338 

427 

12.5 

253 

251 

288 

359 

366 

470 

15 

274 

271 

308 

394 

385 

522 

22.5 

330 

... 

30 

386 

. . . 

. . . 

If  the  interfacial  tension  of  such  solutions  be  measured  against  an  opti- 
cally active  liquid  an  interesting  question  arises.  Certain  optically  active 
solutions  of  enzymes  have  a  marked  ^selective  action  on  enantiomorphs, 
attacking  one  form  strongly  and  the  other  form  very  slightly.  Ntunerous 
glucosides  are  selectively  hydrolyzed  in  this  way;  e.  g.,  a-methyl  glucoside 
and  a-methyl  galactoside  by  maltase  and  not  by  emulsin,  while  the  enantio- 
morphs are  hydrolyzed  by  emulsin  and  not  by  maltase.  Bayliss  has 
shown  that  in  nearly  every  case  examined  both  forms  are  actually  attacked. 
No  satisfactory  physical  or  chemical  explanation  has  been  put  forward 
for  this  selective  action,  and  neither  a  vitalistic  theory  nor  a  *'lock  and 
"  Lewis,  Phil.  Mag.,    1908. 
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key"  explanation  goes  very  far.  The  suggestion  has  been  put  forward 
by  Dr.  Denham  (and  in  fact  it  was  this  suggestion  that  started 
the  present  work)  that  the  selective  action  might  be  due  to  selective 
adsorption  of  the  optically  active  substrate  upon  the  surface  of  the  opti- 
cally active  catalyst.  Evidence  concerning  such  selective  adsorption 
might  possibly  be  afforded  by  determing  the  interfacial  tensions  of  opti- 
cally active  solutions  against  an  optically  active  oil,  or  against  an  oil 
rendered  optically  active  by  such  a  solute  as  camphor.    The  difficulty 
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Prop  N timber 


of  procuring  in  sufficient  quantity  an  oil  which  possessed  at  the  same 
time  the  desired  degree  of  optical  activity  and  yet  did  not  dissolve  in, 
nor  react  chemically  with,  the  aqueous  solution  of  the  chosen  active 
solute,  compelled  the  author  to  use  as  the  active  oil  a  solution  of  camphor 
in  benzene.  The  absence  of  reaction  between  this  active  oil  and  the  aqueous 
solution  of  the  active  acid  was  again  tested  by  taking  the  drop  number  of 
this  oil  before  and  after  shaking  with  an  aqueous  solution  of  d- tartaric  acid. 
The  values  recorded  were  identical. 

Drop  numbers  of  the  dextro,  levo  tartaric  and  racemic  acids  were  then 
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taken  against  the  camphor-benzene  solution,^'  and  also  those  of  dexiro 
and  levo  camphor-sulfonic  acids  against  the  camphor-benzene  solution. 

Table  II 
Drop  Number  Against  a  Solution  op  Camphor  in  Benzene 
Cone,  of  acid  d-Tartaric  /-Tartaric  Racemic   Cone,  of  acid  ^I-Camphor-  /-Camphor- 
in  water  in  water     sulfonic  acid  sulfonic  acid 

%  17%  %  26% 


720 

724 

728 

613 

619 

3 

796 

791 

810 

3.7 

796 

777 

6 

846 

852 

891 

7 

915 

916 

9 

920 

925 

983 

10.5 

1056 

1059 

10.4 

1015 

14.7 

1257 

1253 

12 

994 

990 

. . 

, . 

Conclusion 

The  results  show  that  there  is  no  measurable  difference  in  interfacial 
tension,  against  the  several  liquids,  between  the  dexiro  and  the  levo  sub- 
stances chosen,  indicating  that  there  is  no  selective  absorption  of  such 
enantiomorphs,  which  are  remarkable  for  their  similarity  of  physical 
properties. 

The  divergence  of  the  curve  for  either  of  the  active  tartaric  acids  from 
that  for  the  racemic  add  (see  Figs.  1,  2  and  3)  appears  to  admit  of  only 
one  explanation,  the  existence  in  solution  of  the  racemic  acid  molecule. 
As  the  dilution  increases,  the  curves  indicate  an  increasing  "dissociation" 
of  the  racemic  acid  into  the  d  and  /  forms. 

I  am  indebted  to  Professor  H.  G.  Denham,  now  of  the  University  of 
Cape  Town,  South  Africa,  for  his  initial  suggestion  and  for  his  advice  dur- 
ing the  progress  of  this  work. 

[Contribution  from  thb  Kbnt  Chbmical  Laboratory  op  thb  University  of 

CmcAGo] 

C,8  FATTY  ACIDS.    IV.    A  REARRANGEMENT  OF  THE  BENZILIC 
ACID  TYPE  IN  THE  ALIPHATIC  SERIES 

By  Bbn  H.  Nicoi^bt  and  Ai^frbd  E.  Jurist* 

Received  January  2.  1922 

Some  time  ago  Le  Sueur^  described  the  fusion  of  9,10-dihydrox3rstearic 
acid  (I)  with  potassium  hydroxide.  The  principal  reaction  was  shown 
to  be  the  formation  of  a-hydroxy-a-octyl-sebacic  acid  (II),  resembling 
benzilic  acid  in  structure,  and  the  evolution  of  hydrogen,  though  the  con- 
siderable amount  of  material  not  accounted  for  indicated  that  side  reactions 
were  also  taking  place. 

"  The  author  is  indebted  to  Professor  Read,  University  of  Sydney,  for  the  supply  of 
camphor-sulfonic  acids. 

>  The  material  here  presented  was  used  by  Alfred  E.  Jurist  in  partial  fulfilment  of 
the  requirements  for  the  degree  of  Doctor  of  Philosophy  in  the  University  of  Chicago. 

«  Le  Sueur,  /.  Chem.  Soc.,  79,  1313  (1901). 
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Apparently,  these  results  might  have  been  reached  in  either  of  two  ways*, 
as  shown  in  the  following  chart. 

CH,(CH,)7CH(OH)CH(OH)(CH,)7CO,H 

CH,(CH,)7C(OH)(CH,)7CO,H  CH,(CH,)7COCO(CH07CO,H 

CH,OH  IV 


CH|(CH»)7C(OH)  (CHOiCOiH 

COOI 
II 

The  reaction  scheme  designated  as  Ai  and  As  has  little  to  commend  it. 
The  reaction  Aj  is  perfectly  normal,  but  Ai  has,  to  the  writer's  knowledge, 
no  strong  resemblance  to  any  known  t>'pe  of  rearrangement.  No  product 
corresponding  to  the  glycol  (IV)  has  been  isolated  from  the  products 
formed,  either  by  us  or  by  Le  Sueur,  and  the  assumption  of  such  a  course 
of  reaction  is  accordingly  purely  hypothetical.  Formally,  Reactions  Bi 
and  B2  appear  more  Ukely  to  represent  the  reaction  correctly.  The  oxi- 
dation represented  by  Bi  is  perfectly  normal,  and  B2  represents  a  typical 
benzilic  acid  rearrangement. 

Von  Pechmann'  attempted  in  vain  to  obtain  a  rearrangement  of  this 
type  by  fusion  of  ''diacetyl'*  or  of  ''acetylpropionyl"  with  alcoholic  potash. 
Instead,  quinones  were  formed. 

CHsCCOCH 

II        II 
2CH,COCOCH,=HCCOCCH,  +  2H,0, 

From  this  result,  von  Pechmann  draws  the  rather  sweeping  conclusion 
that  aUphatic  a*diketones  which  do  not  give  this  reaction,  will  undergo 
the  benziUc  acid  rearrangement.  Considering  that  no  cases  of  the  latter 
type  were  investigated  by  him,  the  conclusion  seems  unduly  far-reaching. 
There  remains,  on  the  other  hand,  very  little  doubt  that  this  rearrange- 
ment occurs  much  more  generally  than  has  usuaUy  been  recognized, 
as  shown,  for  example,  by  the  following  reaction  described  by  Zincke.* 

OH 
C=0  6— CO,H 


C— Cl  c 


»  Von  Pechmann,  Ber.,  21, 1411  (1888). 

*  Zincke,  ibid.,  19, 2500  (1886);  20, 1265,  2053, 2^  (1887). 
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Furthermore,  Nef^  in  his  extensive  work  on  saccharinic  adds  explained 
their  formation  on  the  basis  of  this  rearrangement,  and  his  pupil  Evans* 
considered  a  similar  rearrangement  obvious  in  the  case  of  diketosuccinic 
acid.  Finally,  Lachman^  has,  since  the  completion  of  the  present  .in- 
vestigation, discussed  the  very  similar  case  of  dihydroxy-tartaric  acid  from 
this  point  of  view. 

It  is  then  evident  that  aHphatic  compounds  may,  and  sometimes  do, 
undergo  tlie  benzilic  acid  rearrangement.  An  analysis  of  the  work 
quoted  above  shows,  however,  that  in  none  of  the  cases  mentioned  has  the 
compound  undergoing  rearrangement  had  the  structure  RCH2COCOCH2R'; 
in  other  words,  the  absence  of  two  hydrogens  attached  to  each  of  the  car- 
bons adjoining  each  of  the  keto  groups,  has  prevented  interference  by 
the  reaction  described  by  von  Pechmann. 

The  present  work  was  undertaken  to  show  whether  diketostearic  acid 
(III)  could  be  considered  as  an  intermediate  product  in  Le  Sueur's  re- 
action. 

This  acid  (III)  has  been  prepared  by  Overbeck*  by  the  oxidation  of 
stearolic  acid  with  nitric  acM.  A  somewhat  more  convenient  method 
involving  the  oxidation  of  dihydroxy-stearic  acid  with  chromic  add, 
was  developed.  The  diketo  acid  so  obtained  was  fused  with  caustic 
potash  at  160°,  190*"  and  225°.  Only  at  the  lowest  temperature  could 
dihydroxy-stearic  acid  (I)  and  hydroxy-octyl-sebacic  acid  (II)  be  isolated, 
so  that  the  reactions  at  higher  temperatures  were  not  further  studied. 
Azelaic  and  pelargonic  acids  were  also  obtained. 

As  hydrogen  is  not  evolved  in  the  action  of  potassium  hydroxide  on 
diketostearic  acid  (cf.  also  Reaction  B2),  the  formation  of  dihydroxy- 
stearic  acid  can  be  readily  explained  only  on  the  ground  of  an  intermolec- 
ular  oxidation  and  reduction,  which  would  be  quite  similar  to  the  well 
known  Cannizzaro  Reaction®  of  aromatic  aldehydes.  By  analogy,  one 
might  expect  the  formation,  for  each  mol.  of  dihydroxy  add,  of  2  mols. 
of  pelargonic  add  and  2  mols  of  azelaic  acid.  It  is  worthy  of  note  that 
no  diketostearic  acid  is  recoverable  after  the  fusion,  and  that  a'  reduction 
product^  the  dihydroxy  acid,  is  formed  on  heating  it  with  potassium  hy- 
droxide, a  reaction  usually  associated  with  oxidation. 

From  the  considerations  advanced  above,  each  gram  of  the  dihydroxy 
acid  formed  should  involve  the  formation  of  1.19  g.  of  azelaic  acid  and 
1 . 0  g.  of  pelargonic  acid.  These  acids  were  isolated  in  quantities  of  0. 36 
g.  and  0. 54  g.,  respectively,  which,  considering  the  properties  of  the  adds 

«  Nef,  Ann.,  357,  306,  308  (1907)  and  elsewhere. 

•  Evans,  Am.  Chem.  J.,  35, 116  (1906). 

7  Lachman,  This  Journal,  43,  2092  (1921). 

»  Overbeck,  Ann.,  140,  63  (1866). 

»  Cannizzaro,  ibid.,  88,  129  (1853). 
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in  question  and  the  methods  available  for  their  isolation,  are  considered 
to  be  in  satisfactory  relation  with  the  requirements  mentioned  above. 

In  addition,  the  fusion  at  160°  yielded  a-hydroxy-a-octyl-sebacic  acid 
(II),  which  was  sufficiently  identified  mth  Le  Sueur's  product.  This 
is  interpreted  to  mean  that  the  diketo  acid  has  undergone  a  rearrange- 
ment of  the  benzilic  acid  type,  as  indicated  by  Reaction  B2.  Simultan- 
eously, intermolecular  oxidation  and  reduction  yielded  dihydroxy-stearic 
acid,  pelargonic  acid,  and  azelaic  acid.  As  much  of  the  original  material 
was  imaccounted  for,  and  products  were  obtained  which  could  not  be  dis- 
tilled even  under  very  greatly  reduced  pressure,  the  formation  of  a  complex 
quinone  according  to  von  Pechmann  is  not  excluded. 

The  fact  that  dihydroxy-stearic  acid  is  obtained  in  this  reaction  makes 
it  at  least  conceivable  that  the  presence  of  the  acid  (II)  might  be  explained 
by  the  intermediate  formation  of  the  dihydroxy  acid.  This  is  doubted 
for  the  following  reasons:  (1)  dihydroxy-stearic  acid,  heated  with  po- 
tassium hydroxide  at  temperatiu-es  of  160°  or  190°,  was  recovered  al- 
most quantitatively  unaltered;  (2)  the  concentration  of  the  dihydroxy 
acid  formed  in  these  reactions  is  relatively  small. 

Consequently  it  is  considered  that  diketostearic  acid  is  an  intermediate 
product  in  Le  Sueur's  reaction.  The  relatively  small  yield  (11.86%) 
of  acid  (II)  here  recorded,  may  be  explained  on  the  following  groimds: 
(1)  the  relatively  large  concentration  of  dihydroxy-stearic  acid  imder  the 
conditions  used  by  Le  Sueur  would  tend  to  prevent  the  formation  of  pelar- 
gonic and  azelaic  acids;  (2)  the  hydrogen  evolved  under  Le  Sueur's  con- 
ditions (but  not  in  the  case  here  described)  would  tend  likewise  to  pre- 
vent this  loss;  (3)  condensation  of  the  diketo  acid  to  form  quinone  de- 
rivatives, according  to  von  Pechmann  (suspected,  but  not  actually  demon- 
strated) is  a  reaction  bimolecular  with  respect  to  the  diketo  acid,  and  its 
rate  is  accordingly  proportional  to  the  square  of  the  latter's  concentration. 
It  therefore  makes  an  enormous  difference  whether  this  add  is  the  start- 
ing material,  or  merely  an  intermediate  product  in  the  reaction. 

Experimental  Part 

The  necessary  dihydroxy-stearic  acid  was  prepared  essentially  according  to  Sajrt- 
zefif,^"  except  that  it  was  found  more  convenient  to  dissolve  all  of  the  manganese  dioxide 
formed  by  treatment  with  sulfite  and  an  excess  of  sulfuric  acid,  thus  avoiding  a  somewhat 
difficult  filtration.     The  jrield  of  material  was  40%,  m.  p.  13 1 .5  **. 

Preparation  of  9,10-Diketostearic  Acid. — Twenty  g.  of  dihydroxy-stearic  add 
was  dissolved  in  1200  cc.  of  glacial  acetic  acid.  This  solution  was  kept  at  20**,  and 
stirred  while  a  solution  of  12  g.  of  chromic  anhydride  in  400  cc.  of  acetic  acid,  containing 
2  cc.  of  cone,  sulfuric  acid  was  added  gradually.  Within  20  minutes  the  solution  became 
blue-green;  the  reaction  was  then  stopped  by  poiu-ing  the  mixture  into  1.5  liters  of  water. 
The  precipitated  diketostearic  acid  was  removed  by  filtration,  washed,  dried  in  a  vacuum 
and  recrystallized  from  alcohol  and  from  ether  (dihydroxy-stearic  acid  is  very  insoluble 

w  Saytzeff,  /.  prakt.  Chem.,  [2]  33,  304  (1886). 
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in  ether).     The  yield  of  material  was  25%  m.  p.  86**.     The  product  was  analyzed  by 
titration. 

Calc.  for  CisHsjO*:  Equiv.  wt.,  312.0.     Found:  310.6,311.7. 

Several  other  methods  were  tried  in  the  hope  of  improving  the  yield.  Dilution  of 
the  acetic  acid  with  acetone,  and  oxidation  with  barium  peroxide,  manganese  dioxide, 
or  permanganate  in  add  solution,  all  gave  less  satisfactory  results.  Oxidation,  under 
the  conditions  described  above,  of  esters  of  dihydroxy-stearic  acid,  gave  good,  but  not 
better,  results. 

Methyl  9,10-Dtketostearate. — This  was  prepared  from  methyl  dihydroxy-stearate. 
by  a  method  similar  to  that  used  for  the  acid.  The  ester  was  obtained  in  25%  yield,  m.  p. 
55  ^ 

Analyses.  Calc.  for  C,»H8404:  C,  69.94;  H,  10.43;  O,  19.63.  Found:  C,  69.86, 
69.90;  H,  10.63,  10.67;  O,  19.51,  19.41. 

Ethyl  9,10-Diketostearate. — Similarly,  this  was  obtained  in  15%  yield  as  yellow 
needles,  m.  p.  60°. 

Analyses.  Calc.  for  CjoHm04:  C,  70.59;  H.  10.59;  O,  18.82.  Found:  C.  70.40. 
70.54;  H,  10.90,  10.63;  0, 18.70, 18.73. 

Fusion  of  Diketostearic  Acid  with  Potassium  Hydroxide  at  160*". — Thirteen  g. 
of  9,10-diketostearic  acid  was  fused  for  5  minutes  at  160°  with  65  g.  of  potassium  hy- 
droxide, moistened  with  sufficient  water.  The  fused  mass  was  then  poured  into  water 
Bnd  acidified  with  dil.  sulfiuic  acid.  After  standing  overnight  the  mixture  was  filtered 
and  the  filtrate  extracted  thrice  with  ether.  After  removing  the  ether  and  recnrstalliz- 
ing  the  solid  from  hot  water,  the  extracted  material  weighed  0.4  g.  and  melted  at  106°. 
The  equivalent  weight  was  determined  by  titrating  with  alcoholic  potash. 

Calc.  for  azelaic  acid,  C9Hie04:  Equiv.  wt,  94.0.    Found:  93.95,94.05. 

The  solid  obtained  above  was  extracted  with  chloroform.  On  standing  overnight, 
the  extract  deposited  crystals  which,  piuified  from  hot  alcohol,  melted  at  131.5°  and 
weighed  0.9  g.  Analysis  proved  that  this  was  dihydroxy-stearic  add,  though  special 
precautions  had  been  taken  to  see  that  the  original  diketo  acid  had  been  separated 
completely  from  this  substance. 

Analyses.  Calc.  for  C18HMO4:  C,  68.35;  H,  11.39;  O,  20.25.  Found:  C,  6a06. 
68.17;  H,  11.65,  11.52;  O,  20.29,  20.31. 

The  remaining  chloroform  solution  was  distilled  with  steam  imtil  no  more  oil  came 
over.  The  distillate  was  made  alkaline)  concentrated  to  a  small  vcdume,  acidified,  and 
extracted  with  ether.  The  oil  thus  recovered  weighed  0.6  g.,  and  had  the  odor  of  pel- 
argonicacid. 

Calc.  for  pelargonic  acid,  CgHigOj:  Equiv.  wt,  158.    Found:  157.9. 

The  residue  from  this  steam  distillation  was  filtered  hot  and  the  filtrate  made 
alkaline,  concentrated  to  a  small  volume,  acidified,  and  extracted  with  ether.  This 
extract  yielded  only  0.4  g.  of  an  oil  which  was  not  further  identified. 

The  semi-solid  oily  material  remaining  on  the  filter  in  the  operation  described 
above,  was  dissolved  in  ether.  After  removing  the  ether  the  residue  was  spread  on  a 
porous  plate  and  placed  in  a  steam  oven.  There  remained  1.6  g.  of  a  somewhat  grayish 
solid,  which,  after  further  purification,  melted  at  110°,  either  alone,  or  after  mixing  with 
hydroxy-octyl-sebacic  acid  obtained  by  Le  Sueur's  method.  Its  identity  was  further 
proved  by  analysis. 

Analyses.  Calc.  for  C,gHs40s:  C,  65.45;  H,  10:30;  O.  24.24.  Found:  C.  65J0; 
H,  10.69;  0, 24.21.  ■        . 

Calc.  for  CisHmO^:  Equiv.  wt.,  330.0.    Found:  328.2. 
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Fusion  at  Higher  Temperatures. — Fusions  for  5  minutes,  similar  to  that  just 
described,  were  performed  at  190®  and  at  225**.  In  neither  case  was  it  fotmd  possible 
to  isolate  either  dihydroxy-stearic  acid,  or  hydroxy-octyl-sebacic  acid. 

Fusion  of  Dihydroxy-stearic  Acid  with  Potassium  Hydroxide. — The  fusion  was 
made  in  exactly  the  same  way  as  described  above  for  the  fusion  of  diketostearic  acid. 
At  160°,  it  was  found  possible  to  recover  (pure)  90%  of  the  original  dihydroxy  acid. 
No  hydroxy-octyl-sebacic  acid  could  be  found.  At  180°,  the  results  were  the  same, 
93%  of  the  original  acid  being  recovered. 

Summary 

1.  The  formation  of  a-hydroxy-a-octyl-sebacic  acid  in  the  alkaline 
fusion  of  dihydroxy-stearic  acid,  as  observed  by  Le  Sueur,  is  probably 
the  first  recognized  '*benzilic  acid"  rearrangement  of  a  compoimd  of  the 
type  RCHJCOCOCH2R',  proceeding  through  diketostearic  acid  as  an 
intermediate  product. 

2.  This  same  product  is  formed  when  diketostearic  acid  is  fused  with 
alkali  at  160°. 

3.  In  this  same  fusion  (2)  dihydroxy-stearic  acid  is  formed,  along  with 
pelargonic  and  azelaic  acids,  in  a  modified  Cannizzaro  reaction. 

Chicago,  Illinois 


(Contribution  No.  11  from  the  Dspartment  op  Chemical  Research,  Parke, 

Davis  and  Company] 

ALKYLBENZYL  BARBITURIC  ACIDS 

By  Arthur  W.  Dox  and  Lester  Yoder 

Received  January  26.  1922 

Notwithstanding  the  great  number  of  dialkyl  and  alkyl-aryl  barbituric 
acids  that  have  been  prepared  and  described  since  Emil  Fischer's  discovery 
of  the  hypnotic  properties  of  veronal  (diethyl  barbituric  acid),  little 
attention  has  been  given  the  alkylbenzyl  derivatives.  The  fact  has  been 
repeatedly  demonstrated  that  the  presence  of  two  hydrocarbon  radicals 
on  the  5-carbon  atom  is  necessary  to  confer  sleep-producing  properties 
upon  barbituric  acid.  The  two  radicals  may  or  may  not  be  identical, 
but  one  alone  is  not  sufficient  to  give  any  marked  physiological  action. 

In  view  of  the  recent  work  of  Macht^  and  others  on  the  antispasmodic 
effect  of  benzyl  derivatives,  notably  benzyl  alcohol  and  its  esters,  the 
possibility  suggested  itself  that  a  barbituric  acid  derivative  with  combined 
hypnotic  and  antispasmodic  properties  might  be  prepared  by  substituting 
a  benzyl  group  for  one  of  the  alkyls  in  the  derivatives  of  the  veronal  series. 
The  benzyl  would  then  play  the  role  of  an  alkyl  radical  in  stabilizing  the 
molecule  and  thus  confer  hypnotic  properties  within  the  limits  of  the 
** distribution  coefficient,"  or  ratio  of  solubility  in  fat  to  solubility  in  water, 
and  at  the  same  time  contribute  its  specific  antispasmodic  "benzyl  effect." 
1  Macht,  J.  Pharmacol.,  11,  176  (1918). 
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In*  an  homologous  series  with  increasing  fat  solubility  and  decreasing 
water  solubility  it  should  be  possible  to  find  one  derivative  with  the  dis- 
tribution coefficient  required  by  the  Overton-Meyer  hypothesis.  In  this 
regard  we  were  successful,  for  the  benzylethyl  derivative  showed  marked 
hypnotic  properties.  However,  the  specific  eflfect  of  the  benzyl  group 
was  quite  at  variance  with  our  predictions.  Instead  of  an  antispasmodic 
effect  the  result  was  quite  the  opposite.  When  the  dose  administered, 
approached  the  toxic  dose,  a  condition  of  tetanus  resulted.  The  physio- 
logical experiments  on  mice  and  dogs  were  performed  by  other  workers 
in  this  laboratory  and  will  be  discussed  in  detail  elsewhere. 

Of  the  many  possible  alkylbenzyl  barbituric  acids,  only  three  have  thus 
far  been  described.  The  allylbenzyl  derivative  was  prepared  by  Johnson 
and  Hill*  from  ethyl  allylbenzyl  malonate,  urea  and  sodium  ethylate. 
Jsopropylbenzyl  and  cyclohexylbenzyl  barbituric  acids,  prepared  by  con- 
densing the  corresponding  di-substituted  cyano-acetic  esters  with  guani- 
dine  and  hydrolyzing  the  resulting  di-imino-pyrimidines,  are  described 
in  a  Bayer  patent.*  Arylbenzyl  derivatives  known  are  dibenzyl*  and  phe- 
nylbenzyP  barbituric  acid. 

To  any  one  familiar  with  the  properties  of  hypnotics  of  the  veronal 
series,  it  will  be  apparent  that  three  of  the  above,  namely  dibenzyl,  phe- 
nylbenzyl  and  cyclohexylbenzyl,  on  account  of  the  size  of  the  substituent 
groups,  would  be  too  insoluble  in  water  to  exert  any  marked  hypnotic 
action  when  administered  by  mouth.  Regarding  the  other  two,  allyl- 
benzyl and  wopropylbenzyl,  no  physiological  data  are  available.  Of 
these  true  alkylbenzyl  derivatives  one  contains  an  unsaturated  alkyl 
and  the  other  a  secondary  alkyl  radical.  Oiur  purpose  was  to  prepare 
a  series  of  alkylbenzyl  barbituric  acids,  with  alkyl  radical  derived  from 
the  primary  aliphatic  alcohols.  No  such  derivatives  have  thus  far  been 
described. 

In  the  preparation  of  these  alkylbenzyl  barbituric  acids  we  employed 
the  method  introduced  by  Fischer  and  Dilthey,  and  subsequently  adopted 
by  many  other  investigators.  Briefly,  it  consists  in  heating  an  ethyl  di- 
alkylmalonate  with  urea  and  an  excess  of  sodium  ethylate  in  an  autoclave. 
The  desired  alkyl  groups  are  introduced  into  the  ethyl  malonate.  Direct 
substitution  in  barbituric  acid  is  not  feasible  except  in  the  case  of  the  very 
reactive  alkyl  halides,  such  as  allyl  bromide.  We  found,  however,  that 
the  benzyl  group  may  be  introduced  directly  into  barbituric  acid  or  a 
mono-alkyl  barbituric  acid,  though  the  yield  is  not  satisfactory. 

In  the  series  of  ethyl  alkylbenzylmalonates  which  we  prepared  the 
only  one  previously  described  is  the  methyl  derivative.    This  was  prepared 

*  Johnson  and  Hill,  Am.  Chem.  J.,  46,  544  (1911). 
»Ger.  pat.  293.163,  1916. 

*  Fischer  and  Dilthey,  Ann.,  334,  337  (1904). 
»  Ho^lein,  U.  S.  pat.  1,025,526,  1912. 
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by  Conrad  and  BischoflF*  by  methylating  the  benzyl  derivative  and  by 
benzylating  the  methyl  derivative,  the  product  being  identical  in  both  cases. 
Although  we  employed  both  methods,  we  found  it  advantageous  to  put 
the  benzyl  group  in  first.  The  reason  for  this  will  be  seen  from  the  fact 
that  in  the  preparation  of  a  mono-substituted  malonic  ester  a  di-substi- 
tuted  derivative  is  invariably  formed  as  a  by-product  except  in  the  case 
of  secondary  alkyl  radicals  and  a  corresponding  amount  of  ethyl  malonate 
remains  unsubstituted.  With  the  lower  alkyl  radicals  the  boiling  points 
of  the  three  substances  lie  rather  closely  together,  and  consequently  a 
purification  of  the  ethyl  mono-alkylmalonate  requires  repeated  fractiona- 
tion. On  the  other  hand,  the  monobenzylmalonate  is  easily  separated  from 
the  dibenzyl  derivative  and  the  unsubstituted  ethyl  malonate.  When 
making  the  second  substitution,  however,  an  excess  of  alkyl  halide  may  be 
used  to  advantage  so  as  to  bring  the  reaction  to  completion.  By  benzyla- 
ting an  impure  lower  mono-alkylmalonate  with  an  excess  of  benzyl 
chloride  the  benzyl  alkylmalonate  is  also  easily  separated  from  the  other 
impiuities  but  the  yield  from  the  malonic  ester  used  is  considerably  less. 
These  di-substituted  malonic  esters  readily  condense  with  tu-ea  in  the 
presence  of  sodium  ethylate  at  100-105°,  yielding  the  sodium  salt  of  the 
di-substituted  barbituric  acid,  from  which  the  free  acid  is  obtained  by  acidi- 
fying with  hydrochloric  acid. 

Rv       /COOCiHi       I     '  NaOCHs  Rv       ^O—KH 

>C<  -fCO        — >  >C<  ;  >C0 -i- 2C2H,OH. 

CHsCH/     ^COOCH,       I  CeH»CH/    ^CO— NH 

Experimental  Part 

Preparation  of  the  Esters. — Ethyl  ethylbenzylmalonate  was  prepared 
by  treating  ethyl  benzylmalonate  with  ethyl  bromide  and  sodium  ethylate 
in  absolute  alcohol.  The  other  esters  were  prepared  b/  treatment  of  the 
ethyl  alkylmalonates  with  benzyl  chloride  in  the  same  manner.  We  be- 
lieve the  first  method  is  the  more  satisfactory.  After  completion  of  the 
reaction  the  alcohol  was  removed  by  distillati6n  and  the  sodium  chloride 
or  bromide  by  shaking  the  residual  oil  with  water.  The  product  was  dried 
with  calcium  chloride  and  purified  by  distillation  in  vacuo.  Since  the 
alkylbenzylmalonic  esters  were  regarded  merely  as  intermediates  in  the 
pr^aration  of  the  corresponding  barbituric  acids,  they  were  not  analyzed 
or  fractionated  for  the  purpose  of  determining  the  exact  boiling  points. 
The  product  collected  over  a  10°  range  was  considered  pure  enough  for 
our  piupose.  Identification  was  made  through  the  barbituric  acids  which 
were  carefully  purified  by  recrystallization. 
•  Conrad  and  Bischoflf,  Ann.,  204, 177  (1880). 
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Fraction 
Ester  collected  Pressure        Yield 

«C.  Mm.  % 

Ethyl  methylbenzylmalonate 165-175  15  63 

Ethyl  ethylbenzylmalonate 160-170  9  72 

Ethyl  wopropylbenzyhnalonate 170-180  12  23 

Ethyl  »-butylbenzylmalonate 177-185  10  65 

Ethyl  Mobutylbenzylmalonate 177-187  10  47 

Ethyl  «5oamylbenzylmalonate 180-190  10  75 

Condensation  of  tiie  Esters  witii  Urea. — A  uniform  procedure  was 
followed  except  in  the  case  of  the  n-propyl  derivative  where  the  benzyl 
group  was  introduced  directly  into  «-propyl  barbituric  acid.  A  mixture 
consisting  of  10  g.  of  the  ester,  three  times  the  molecular  equivalent  of 
sodium  dissolved  in  20  parts  of  alcohol,  and  1 . 5  moles'  of  urea  was  heated 
in  an  autoclave  at  105°  for  5  hours.  The  resulting  white  mas^  consisting 
mainly  of  the  sodium  salt  of  the  di-substituted  barbituric  acid  was  treated 
with  a  slight  excess  of  hydrochloric  acid  and  the  alcoholic  solution  filtered 
from  the  sodium  chloride.  The  filtrate  was  evaporated  on  the  steam- 
bath  tmtil  crystals  began  to  form,  and  then  cooled.  Addition  of  water 
to  the  mother  liquor  gave  a  further  yield.  One  or  two  recrystallizations 
from  benzene  containing  a  little  alcohol  gave  a  pure  white  product. 

The  M-propyl  derivative  was  prepared  by  heating  under  a  reflux  con- 
denser for  5  hours  an  alcoholic  solution  of  n-propyl-barbituric  acid  with  the 
calculated  amounts  of  benzyl  chloride  and  ammonium  acetate.  Ammon- 
ium chloride  gradually  separated  from  the  alcoholic  solution  and  the  latter 
on  evaporation  gave  w-propylbenzyl-barbituric  acid,  which  was  purified 
by  recrystaUization. 

Of  the  following  derivatives,  i5opropylbenzyl-barbituric  acid  has  been 
previously  described  and  a  melting  point  of  230°  reported.^ 

Nitrogen 

Substance                       M.  p.  Calc.  Found  Yield 
Barbituric  acid  derivative 

*c.              %  %          %  % 

5,5-methylbenzyl 207  12.07  12.01  11.94  74 

5,5-ethylbenzyl ^. . . . .     206-7  11.38  11.44  11.30       ^    79 

5,5-«-propylbenzyl 210  10.77  10.86  10.99  51 

5,5-«opropylbenzyl 229  10.77  10.64  10.57  56 

5.5-»-butylbenzyl 195  10.22  10.22  10.22  95 

5,5-t5obutylbenzyl 255  10.22  10.36  10.29  89 

5,5-t5(?amylbenzyl 194-6  9.72  9.42  9.49  94 

In  this  series  the  solubility  in  water  decreases  and  the  solubility  in  alcohol 
increases  with  increasing  size  of  the  alkyl  group.  All  are  soluble  in  dil. 
alkali.  All  have  a  bitter  taste  which  is  most  pronounced  in  the  lower 
members.    The  ethyl  derivative  showed  the  strongest  hypnotic  action 

7  Ger.  pat.  293,163,  1916. 
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but  this  was  accompanied  by  symptoms  of  tetanus.     It  is  doubtful  there- 
fore whether  any  of  these  derivatives  will  be  of  therapeutic  value. 

Stunmary 
From  the  ethyl  esters  of  alkylbenzyhnalonic  acids,  urea  and  sodimn  ethyl- 
ate,  a  series  of  alkylbenzyl-barbituric  acids  was  prepared  by  the  *  Veronal' * 
synthesis. 

In  this  series,  ethylbenzyl-barbituric  acid  was  f otmd  to  have  the  strong- 
est physiological  action.    Contrary  to  our  expectations,  the  hypnotic  effect 
was  accompanied  by  symptoms  of  tetanus  instead  of  the  anti-spasmodic 
effect  commonly  attributed  to  the  benzyl  group. 
Detroit,  Michigan  

[Contribution  from  run  Kbnt  Chismical  Laboratory  op  the  UNivERStrv  op 

Chicago] 

Ci8   FATTY   ACms.    V.    MOLECULAR   REARRANGEMENTS   IN 
SOME  DERIVATIVES  OF  UNSATURATED  HIGHER  FATTY  ACIDS 

By  Ben  H.  Nicolbt  and  Joseph  J.  Pelc^ 

Received  January  28,  1922 

The  hydroxamic  acids  belonging  to  the  aromatic  and  saturated  ali- 
phatic series  are  well  known.  Their  properties  and  reactions  have  been 
carefully  studied  by  Lossen,^  Hofmann,*  Hantzsch/  Werner,*  and  others. 
Their  formation  from  esters  and  hydroxylamine  is  recognized  as  a  quite 
general  reaction.* 

The  rearrangement  of  tmsaturated  hydroxamic  acid  derivatives  does  not 
appear  to  have  been  investigated.  A  certain  amoimt  of  work^  has,  how- 
ever, been  done  on  the  rather  analogous  Hofmann  rearrangement,  and  the 
general  conclusion  is  that,  at  least  for  amides  having  the  double  bond 
in  the  a,/3-position,  the  reaction  usually  proceeds  normally  and  without 
complications. 

It  is  the  purpose  of  the  present  paper  to  show  that  the  rearrangements 
characteristic  of  hydroxamic  acids  and  their  derivatives  take  place, 
in  general,  normally,  for  the  derivatives  of  oleic,  elaidic  and  ricinoleic 
acids.  Certain  abnormal  and  rather  surprising  results  were,  however, 
also  obtained. 

*  The  material  here  presented  is  used  by  Joseph  J.  Pelc  in  partial  fulfilment  of  the 
requirements  for  the  degree  of  Doctor  of  Philosophy  in  the  University  of  Chicago.  « 

«  Lossen,  Ann.,  150,  314  (1869);  161,  347  (1872);  175,  271  (1875);  186,  1  (1877); 
252,  170  (1889);  265, 176  (1891);  281,  169  (1894);  etc. 
»  Hofmann,  Ber.,  15, 412  (1882);  22, 2854  (1889). 
<  Hantzsch.  ibid.,  27,  799.  1256  (1894). 

*  Werner,  ihid.,  25, 27  (1892) ;  26, 1561  (1893) ;  2Q,  1155  (1896). 
«  Jeanrenaud,  ibid.,  22,  1270  (1889). 

"  Jeffreys,  Am.  Chem.  J.\  22,  43  (1899).     Weerman,  Rec.  irav.  chim,,  26, 203  (1907). 
Rinkes,  ibid.,  39,  200  (1920). 
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The  Lossen  rearrangement  yielding  the  corresponding  ureas  was  ob- 
tained in  every  case  tried.  Certain  of  the  compotmds  thus  formed  may  be 
of  use  in  identifying  substances  which  are  otherwise  oils  or  very  low- 
melting  solids.  The  Lengfeld-Stieglitz  rearrangement,  giving  urethanes,* 
was  also  successful  in  all  cases.  In  these  reactions  the  double  bond  ap- 
parently had  no  effect  whatever  on  the  course  of  the  reaction  and  was  not 
affected  by  it,  although  the  physical  properties  of  some  of  the  substances 
concerned  made  the  reactions  take  place  somewhat  more  slowly  than  usual. 

It  was  therefore  all  the  more  unexpected  that  the  preparation  of  iso- 
cyanates  from  oleo-  and  elaidohydroxamic  acids  by  warming  them  with 
an  excess  of  acetic  anhydride  led,  whichever  acid  had  served  as  starting 
point,  to  a  mixture  of  cis-  and  /raiw-heptadecylenyl  isocyanates.  This 
was  definitely  proved  by  the  isolation,  in  each  case,  of  both  the  possible 
urethanes  and  monophenyl  ureas.  The  actual  separation  of  the  two 
isocyanates  did  not  prove  feasible.  It  is  of  interest  to  note,  in  this  con- 
nection, that  acetic  anhydride  is  not  recorded  as  a  reagent  capable  of 
converting  oleic  into  elaidic  acid,  or  vice  versa.  Furthermore,  the  urethanes 
when  treated  with  acetic  anhydride  under  the  same  conditions  showed 
no  tendency  to  rearrange  to  form  geometrical  isomers. 

The  possibiUty  that  this  rearrangement  at  the  double  bond  may  have 
taken  place  imder  the  influence  of  a  shock  to  the  molecule  as  a  whole, 
involved  in  the  rearrangement  taking  place  to  form  the  isocyanate  radical 
is,  however,  rendered  rather  remote  by  the  fact  that  a  corresponding  change 
does  not  take  place  during  the  Lossen  and  Lengfeld-Stieglitz  rearrange- 
ments mentioned  above,  in  each  of  which  the  accepted  explanation  in- 
volves the  assumption  of  isocyanates  as  intermediate  products.  The 
present  observation  remains,  therefore,  an  unexplained  fact  which  will 
require  consideration  in  any  futtu'e  discussion  of  the  mechanism  of  re- 
arrangements of  the  types  under  consideration  here. 

Experimental  Part 

Oleo-hydrozamic  Acid. — This  acid  has  been  described  by  Morelli*  who  prepared 
it  from  triolein.  For  its  preparation,  15  g.  of  hydroxylamine  hydrochloride  in  100  cc.  of 
hot  alcohol  was  treated  with  a  solution  of  9.2  g.  of  sodium  in  100  cc.  of  alcohol,  and  the 
mixture  added  to  a  solution  of  62  g.  of  ethyl  oleate  in  200  cc.  of  alcohol.  After  heating 
under  a  reflux  condenser  for  2  hours  most  of  the  alcohol  was  removed  by  distillation  and  a 
considerable  excess  of  15%  hydrochloric  acid  added.  After  filtration  the  product  was 
recrystallized  from  alcohol  (acetone  is  also  good).  Various  modifications  of  the  process 
gave  no  better  results. 

Elaido-hydroxamic  Acid. — Prepared  from  ethyl  elaidate  by  a  method  similar  to 
that  already  described,  this  acid  formed  white  flakes,  m.  p.  86*.  It  is  less  soluble  in 
alcohol  than  is  the  oleo  derivative. 


8  Lengfeld  and  Sticglitz,  Am.  Ckem.  /.,  15,  215,  504  (1893);  18, 751  (1896).    Stieg- 
litz,  2Q,  49  (1903). 

»  Morelli,  Zentr.,  1908,  II,  1019. 
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Analysis.    Calc.  for  CigHuOjN:  N,  4.71.    Found:  4.70. 

Ricinoleo-hydrozamic  Acid. — ^Ethyl  ricinoleate  was  prepared  from  the  fatty  acids 
of  castor  oil  without  special  purification.  From  this  the  hydroxamic  acid  was  made  in 
the  usual  way.     It  crystallizes  from  ether  in  white  flakes,  m.  p.  65°. 

Analyses.    Calc.  for  CigHwOjN:  N,  4.47.    Found:  4.41,4.38,4.41. 

Linolo-hydrozamic  Acid. — Ethyl  linolate,  prepared  from  Unolic  acid  regenerated 
from  the  tetrabromide,  was  used  for  this  preparation.  The  product  obtained  melted  at 
S-10°,  and  darkened  and  resinified  on  standing,  doubtless  due  to  oxidation.  No 
additional  derivatives  were  prepared. 

Analyses.    Calc.  for  CigHnOjN:  N.  4.74.    Found:  4.69,4.68,4.71. 

Oleo-acetylhydrozamic  Acid. — ^In  the  acetylation,  10  parts  of  dry  acetone  was 
used  as  sc^vent,  and  only  a  very  slight  excess  of  anhydride.  The  solution  should  not  be 
too  concentrated.  After  heating  under  a  reflux  condenser  for  0.5  hour,  the  solvent  was 
evaporated.    Recrystallized  from  alcohol,  the  product  melted  at  63  **. 

Analyses.    Calc.  for  CaoHwOaN:  N,  4.19.    Found:  4.17,4.15,4.14. 

Elaido-acetylhydroxamic  Acid. — Prepared  as  above,  this  acid  forms  silvery  flakes 
from  alcohol,  m.  p.  84®. 

Analyses.     Calc.  for  CaoHayOsN :  N,4.19.     Found:  4.12. 

X-Acetyl-rictnoleo-acetylhydroxamic  Acid. — Two  mols  of  acetic  anhydride  are 
required  in  this  case,  as  the  hydroxyl  of  the  ricinoleyl  radical  is  also  acetylated.  The 
product,  which  was  not  completely  purified,  was  an  oil  at  ordinary  temperattu-es.  On 
cooling,  it  solidified,  and  melted  at  6-8®. 

Analyses.    Calc.  for  CnHwOiN:  N,  3.52.     Found:  3.48,3.46,3.50. 

Oleo-diacetylhydrozamic  Add. — ^Attempts  to  introduce  both  acetyl  groups  in 
a  single  operation,  usually  resulted  in  mixtures  contaiiMng  various  amounts  of  isocyanates 
(see  later).  Better  results  were  obtained  by  dissolving  the  mono-acetyl  derivative  in 
acetone,  and  warming  gently  with  one  mol  of  anhydride.  The  product  forms  shining 
plates  from  alcohol,  m.  p.  64-5  **.    As  expected,  it  does  not  rearrange  in  alkaline  solution. 

Analyses.    Calc.  for  C22HMO4N :  N,  3.67.    Found:  3.64,3.62,3.64. 

Elaido-diacetylhydroxamic  Acid. — This  add,  m.  p.  82®,  is  very  similar  in  prepa- 
ration and  properties  to  the  one  just  described. 

Analyses.    Calc.  for  CaHi904N:  N,  3.67.    Found:  3.62,  3.60,  3.62. 

Lessen  Rearrangement;  Formation  of  Ureas. — This  rearrangement  takes  place 
perfectly  normally  on  warming  the  mono-acetyl  hydroxamic  adds  described  above  with 
aqueous  alkali,  according  to  the  equation  2RC0NH0C0CH,  +  KiCOi=RNHCONHR 
-f  2KOCOCH1  -f  2C0j.  However,  on  account  of  the  very  slight  solubility  of  the  adds 
themsdves,  a  considerable  excess  of  normal  carbonate  solution  (35-70  cc.  per  g.  of  acid) 
is  necessary  for  complete  solution.  After  warming  for  0.5  hour  on  a  water-bath  the 
solution  becomes  doudy,  and  the  addition  of  a  few  drops  of  hydrochloric  add  (sometimes 
not  necessary)  causes  the  lu-ea  to  separate. 

Di-/ran5-heptadecylenyl  Urea.^** — ^The  product  obtained  as  described  above  from 
oleo-acetylhydroxamic  add,  was  a  solid  from  which  impurities  could  be  removed  by 
extracting  with  warm  alcohol,  in  which  the  urea  itsdf  was  very  insoluble.  The  product, 
crystallized  from  chloroform,  formed  needles,  m.  p.  69®. 

"  Michad,  /.  prakt.  Chem.,  [2]  52,349  (1895),  is  inclined  to  dassify  oleic  and  daidic 
acids  as  maleinoid  and  fumaroid  forms  respectivdy;  see  also,  ibid.,  38,  1  (1888)  and  46, 
209  (1892).  Without  any  intention  of  entering  this  controversy,  the  term  "trans"  is 
used  in  this  paper  to  refer  to  derivatives  of  the  oleic  acid  type,  and  "cis"  for  derivative 
directly  related  to  elaidic  acid,  merely  as  a  matter  of  reference. 
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Analyses.     Calc.  (or  CuH.,ON,:  N,  5.36.     Found:  5.29,  5.25.  5.26. 

Di-^j-heptadecylenyl  Urea. — This  substance  was  prepared  from  elaido-aoetyl- 
hydroxamic  acid  in  the  same  way  as  described  for  the  trans  compound.  It  melted  at 
92-93 ^ 

Analyses.    Calc.  for  Cs5H«ON,:  N,  5.36.    Found:  5.28,5.24,5.26. 

Dihydrozy-heptadecylenyl  Urea. — Acetyl-ricinoleo-acetylhydroxamic  acid  treated 
as  described  above,  yields  an  oily  liquid.  Analysis  shows  that  the  X-acetyl  group  is  not 
completely  removed  in  this  reaction.  On  warming  the  product  with  10%  caustic 
alkali  at  80-90*'  the  hydrolysis  of  the  remaining  acetyl  group  is  completed,  and  the  prod- 
uct, recrystallized  twice  from  alcohol,  melted  at  57.5^. 

Analysis.    Calc.  for  CwHigOiNj:  N,  4.96.    Found:  4.92. 

Preparation  of  Urethanes. — The  proper  acetylhydrozamic  acid,  carefully  dried, 
is  treated  with  one  equivalent  of  sodium  dissolved  in  absolute  alcohol,  and  warmed  for 
20  minutes  at  a  suitable  temperature.  The  alcohol  is  then  removed,  for  the  most  part, 
by  distillation,  and  the  urethane  dissolved  in  hot  70**  ligroin,  filtered  from  sodium  ace- 
tate, and  crystallized. 

Tranj-heptadecylenyl  Urethane. — Oleo-acetylhydroxamic  acid  was  warmed  with 
sodium  ethylate  at  40**  as  described;  the  product  from  ligroin  melted  at  42-43  **. 

Analyses.    Calc.  for  C2oH„08N:  N,  4.30.    Found:  4.23,  4.17,  4.20,  4.18,  4.22. 

The  corresi)onding  methyl  ester,  methyl  /ranj-heptadecylenyl  carbamate,  melted  at 
40-4 1^ 

Ct5-heptadecylenyl  Urethane. — The  elaido-acetylhydroxamic  add  was  heated 
at  70**  as  described,  and  the  alcohol  distilled.  When  the  ligroin  is  cooled  in  a  freezing 
mixture,  the  yield  is  almost  quantitative.    The  urethane  melted  at  87-88**. 

Analysis.    Calc.  for  CioHmOjN :  N,  4.30.    Found:  4.25. 

The  corresponding  methyl  ester,  methyl  a^-heptadecylenyl  carbamate,  melted  at 
85-86 ^ 

In  none  of  these  reactions  was  there  any  sign  of  inversion  at  the  double  bond. 

Heptadecylenyl  Isocyanates  from  Oleo-hydroxamic  Acid. — ^A  saturated  solution 
of  the  hydroxamic  acid  in  acetone  was  prepared  and  rather  more  than  two  mols  of  acetic 
anhydride  added.  The  solution  was  warmed  on  the  water-bath  for  10-15  minutes,  the 
acetone  evaporated,  and  the  residue  dissolved  in  ligroin.  After  crystallizing  from  this 
solvent  a  good  yield  was  obtained  of  a  white  crystalline  product,  rather  stable  even  in 
air.  The  following  table  shows  the  effect  of  variations  in  time  of  heating  6  g.  of  sample, 
and  in  quantity  of  anhydride. 


Melting 

Melting 

STo. 

Time 

Anhydride 

point 

No. 

Time 

Anhydride 

point 

Min. 

G. 

•c. 

Min. 

G. 

•C. 

1 

5 

1 

48-60 

4 

10 

1 

5^-68 

2 

5 

1.5 

60-70 

5 

15    • 

1 

66-84 

3 

5 

2 

65-80 

The  first  figure  under  "melting  point"  is  in  each  case  the  point  at  which  melting 
begins,  and  the  last  point  that  at  which  fusion  is  complete.  As,  however,  variable 
amounts  of  the  Irans-SLcetyl  derivative  are  always  present,  these  figmres  have  little  signifi- 
cance. No  m-acetyl  derivative  was  ever  found.  Mixture  5,  after  several  recrystalliza- 
tions,  melted  at  48-52**.  This  product  gave  no  test  with  ferric  chloride  for  hydroxamic 
acids. 

Analysis.    Calc.  for  CwHmON :  N,  5.02.    Found:  4.93. 

Its  behavior  with  alcohol  and  with  aniline  leaves  no  doubt  that  this  product  is 
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essentially  a  mixture  of  cis-  and  /rans-heptadecyienyl  isocyanates.  It  was  not  found 
possible  to  separate  these  two  isocyanates.  When,  however,  a  portion  of  the  mixture  was 
gently  warmed  with  absolute  alcohol,  solution  and  reaction  took  place,  and  it  was 
possible  to  isolate  by  fractional  crystallization,  both  cis-  and  /ran5-heptadecylenyl 
urethanes,  melting  at  87-88  **  and  4 1-42  **,  respectively.  The  identities  of  these  substances 
were  confirmed  by  analyses,  and  by  the  fact  that  the  melting  points  were  not  lowered 
when  the  urethanes  obtained  by  this  method  were  mixed  with  those  obtained  by  the 
Lengfeld-Stieglitz  rearrangement. 

By  way  of  further  confirmation,  the  isocyanate  mixture  was  slightly  warmed  with  an 
excess  of  aniline.  The  product,  after  a  rather  tedious  process  of  fractional  oystallization 
from  alcohol,  yielded  two  substances,  m.p.  72-73°  and  83-84®,  both  of  which,  after 
heating  at  150**  with  hydrochloric  add,  gave  tests  for  aniline.  There  is  no  doubt  that 
these  are  the  two  heptadecylenyl  ureas;  and  it  is  considered  highly  probable  that  the 
higher-melting  product  is,  as  usual  in  this  series,  the  cis  compound. 

Analyses.  Calc.  for  C14H40ONJ:  N,  7.58.  Found,  for  aVurea:  7.54,  7.47,  7.50, 
7.49.     Found,  for  trans-urea,:  7.51,  7.54,  7.50. 

Heptadecylenyl  Isocyanates  from  Elaido-hydrozamic  Acid. — The  reaction  was 
very  similar  to  that  described  above.    The  yield  was  less  good,  and  heating  for  about 
45  minutes  seemed  to  be  necessary.    A  product  was  again  isolated  which  had  the. 
composition  of  a  mixture  of  isocyanates  (N,  calc.  5.02%;  found,  4.94, 4.90%)  but  which 
melted  rather  higher  than  the  similar  product  previously  described  (72-82®). 

On  treatment  with  alcohol  this  product  gave  two  urethanes  which  were  identical 
with  those  already  described.  The  proportion  of  m-urethane  was,  however,  distinctly 
greater  in  this  case. 

Similarly,  with  aniline,  a  product  yielding  cis-  and  /rans-heptadecylenyl  phenyl- 
ureas,  identical  with  those  described  above,  was  obtained.  Because  the  isocyanate 
mixture  from  elaido-hydroxamic  acid  had  a  markedly  higher  melting  point,  and  also 
gave  a  much  smaller  yield  of  the  /ratfs-urethane,  it  is  considered  that  this  mixtiu-e  con- 
tained a  larger  proportion  of  the  (:«5-isocyanate  than  did  the  other.  This  would  also 
imply  that  an  equilibrium  was  not  reached  between  the  two  isocyanates.  Such  a  result 
would  not  be  surprising,  however,  as  under  the  conditions  of  the  reaction,  a  number  of 
competing  processes  are  taking  place  (e.  g.,  the  formation  of  diacetyl  derivatives). 

Summary 

1.  Unsaturated  fatty  acids  (oleic,  elaidic,  linolic,  ricinoleic)  form 
hydroxamic  acids  as  do  aromatic  and  saturated  aliphatic  acids. 

2.  The  Lossen  rearrangement,  giving  ureas,  is  not  affected  by,  and  does 
not  afifect,  the  double  bond. 

3.  The  same  applies  to  the  Lengfeld-Stieglitz  rearrangement,  giving 
urethanes. 

4.  The  supposedly  analogous  rearrangement  to  isocyanate,  using 
acetic  anhydride,  is  complicated  by  the  fact  that  a  mixture  of  cis-  and  trans- 
isocyanates  results,  whichever  pure  hydroxamic  acid  (oleo-  or  elaido-) 
is  used. 

Chicago,  Illinois 
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TOXICITY  OF  NEO-ARSPHENAMINE 

By  Merrill  C.  Hart  and  Wilbur  B.  Paynb 

Received  March  6,  1922 

The  basic  patent*  of  Korndorfer  and  Renter  describes  the  production 
of  a  neutral  solution  of  a  derivative  (II)  of  arsphenamine  (I)  derived  by 
condensation  with  sodium  formaldehyde  sulfoxylate. 

AS     AS  ^  2HOH,COSONa         /\  y\  2NaCL 

^^^«CO.  I      11      1  H.O  +  CO, 


Of) 


HCIH^nL     J  I     J.NHrHCl  >-       HjN^^  \y^\ 

OH     OH  OH     OHCHjOSONa 

I  II 

The  first  motive  for  this  preparation  was  the  hope  that  this  solution 
would  be  more  easily  prepared  than  that  of  the  phenolate  made  by  treat- 
ing (I)  with  an  excess  of  sodium  hydroxide.  As  a  matter  of  fact,  the  so- 
lution is  much  more  difficult  to  produce  and  is  unstable,  but  is  found  in 
practice  to  be  much  less  toxic. 

In  order  to  make  this  much  less  toxic  derivative  available  clinically  it 
was  necessary  to  produce  a  dry  powder,  and  this  proved  a  matter  of  con- 
siderable difficulty.  So  readily  is  it  oxidized  that  it  is  not  advisable  to 
increase  the  manipulations  for  the  purpose  of  purification  of  the  intensely 
soluble  derivative.  The  commercial  product  is  a  pharmaceutical  mix- 
ttire  of  the  reaction  products  containing  18-20%  arsenic  rather  than  a 
chemical  individual  of  32%  arsenic. 

The  pharmacological  examinations  (with  rats)  at  the  Hygienic  Labora- 
tory* showed  that  while  imported  neo-arsphenamine  was  at  first  being 
tested  at  90  mg./kg.,  the  standard  minimum  tolerated  dose  which 
rats  should  survive  should  be  increased  to  180  mg./kg.  This  was  later 
increased  to  200  mg./kg.  It  may  be  doubted  if  the  neo-arsphenamine 
first  imported  into  this  country  was  examined  in  this  respect,  for  with  the 
first  year  of  work  the  toxicity  of  this  drug  was  greatly  decreased. 

Schamberg,  Kolmer  and  Raiziss'  showed  that  for  commercial  neo- 
arsphenamine  the  maximum  tolerated  dose  varied  from  180  to  300  mg./kg. 
or  more  (rat),  the  average  tolerance  being  254  mg./kg.  Of  24  samples 
examined  5  were  tolerated  in  doses  above  300  mg./kg.  In  the  recorded 
table  only  two  rats  are  used  for  this  test.  Later  these  experimenters*  re- 
ported the  average  of  a  large  number  of  lots  of  neo-arsphenamine  to  be 

1  Korndorfer  and  Reuter.  U.  S.  pat.  1,053,300  (1913).    Reissue  No.  13,848  (1914). 
«  Hygienic  Lab.  Bull.,  113,  (1918) :  3  samples  passed  tests  at  100, 175  and  150  mg./kg. 
»  Schamberg,  Kolmer  and  Raiziss,  Am.  J.  Med.  Sci.,  160, 197  (1920). 
*  Schamberg,  Raiziss  and  Kolmer,  /.  Am.  Med.  Assoc,  78, 6,  402  (1922). 
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280  mg./kg.  Roth^  reports  a  sample  which  was  tolerated  in  doses  of  420 
mg./kg.  and  had  an  arsenic  content  of  19.5%.  Another  sample  (18.8% 
arsenic)  from  the  same  source  was  tolerated  in  doses  of  280  mg./kg.  There 
is,  therefore,  a  great  variability  in  the  toxicity  of  various  products  when 
studied  by  this  method.  We  may  add  that  we  do  not  beUeve  that  these 
figures  convey  any  clinical  significance  imless  they  fall  below  200  mg./kg. 

What  is  the  cause  of  this  variability?  In  the  first  place,  the  difference 
in  arsenic  content  has  an  influence.  A  sample  containing  20%  of 
arsenic  and  borne  at  280  mg./kg.  would  be  tolerated  at  310  mg./kg.  had 
it  contained  only  18%.  Second,  there  is  a  variabiUty  in  the  tolerance  of 
the  albino  rats  used»  This  may  amount  to  100  mg./kg.,  as  we  will 
show  in  the  experimental  part.  Third,  Raiziss  and  Falkov*  have  indicated 
that  the  analyses  of  various  samples  show  the  presence  of  considerable 
quantities  of  the  dimethylene  sulfinic  acid  derivative.  In  the  *'neo** 
derivative  having  Formula  II  the  ratio  of  arsenic  to  sulfiu*  should  be 
2:1,  while  if  two  groups  were  substituted  it  would  of  course  be  2  : 2.  A 
finding  of  2  : 1.4  as  fotmd  in  several  samples  would  indicate  a  mixture  of 
60%  of  the  mono-,  with  40%  of  the  disubstituted  arsenical.  In  view  of 
the  well-known  decrease  in  toxicity  produced  by  replacing  an  amino 
hydrogen  by  an  acidic  radical  {e.  g,,  acetanilide  from  aniline)  it  would  ap- 
pear that  this  consideration  may  be  of  importance  in  the  variabiUty. 
Macallmn^  on  the  contrary  reports  that  * 'analysis  of  best  preparations 
has  indicated  that  it  is  not  possible  to  form  products  of  sulfoxylate:  ar- 
senic ratio  exactly  1 : 2,  but  that  products  closely  approximating  to  this 
are  quite  pracficable."  Furthermore,  neither  of  these  papers  contains 
toxicity  determinations  of  the  material  analyzed. 

What  appeared  at  first  to  be  another  important  factor  in  producing  varia- 
bility in  neo-arsphenamine  was  the  toxicity  of  the  original  arsenical. 
Arsphenamine  itself  is  not  used  for  the  commercial  production  of  neo- 
arsphenamine.  This  is  prepared  from  the  base  which  is  dissolved  in  the 
requisite  amoimt  of  hydrochloric  acid.  The  base  is  readily  oxidized  upon 
exposure,  and  the  variable  nature  will  be  disclosed  by  the  toxicological 
examination  of  the  hydrochloride.  This  preparation  is,  however,  produced 
in  rather  remarkably  imiform  quality.  Schamberg,  Kolmer  and  Raiziss* 
examined  22  samples  which  were  tolerated  in  doses  varying  from  90  mg./kg. 
to  above  120  mg./kg.  The  average  tolerated  dose  was  0.105  g.  per 
kg.  The  government  requirement  of  100  mg./kg.  is  a  high  requirement, 
and  in  fact  is  probably  not  always  passed  in  production.  In  our^opinion 
the  90  mg./kg.  requirement  is  a  more   reasonable   one.    Christiansen* 

»  Roth,  U,  S.  Pub.  Health  Repts.,  35,  No.  38,  2208  (1920).     Arch.  Derm.  Syph.,  2, 
300  (1920). 

•  Raiziss  and  Falkov,  J.  Biol.  Chem.,  46,  209  (1921). 
'  Macallum,  This  Journal,  43,  643  (1921). 
»  Christiansen,  ibid.,  43,  2204  (1921). 
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reports  a  finding  of  110  mg./kg.  as  the  average.  This  drug  as  marketed 
is  quite  stable  and  uniform  and  white  rats  react  to  it  acutely  in  a  most 
definite  manner.  We  have  shown  that  using  arsphenamine  varying  in 
toxicity  from  90  mg./kg.  to  130  mg./kg.  there  is  no  corresponding  variation 
in  the  toxicity  of  the  resulting  neo-arsphenamine. 

According  to  King^  the  variable  sulfur  found  in  arsphenamine  is  partly 
sulfate  and  partly  3,3'-diamino-4,4'-dihydroxy-5-sulfo-arsenobenzene  hy- 
drochloride. It  is  reported  as  being  more  toxic  than  arsphenamine  (mice). 
This  "nuclear**  sulfur  would  of  course  introduce  a  second  factor  into  the 
ratio  of  arsenic  to  sulfur  in  the  **neo**  derivative.  This  factor  can  be  dem- 
onstrated by  distinguishing  between  sulfoxylic  sulfur,  and  nuclear  sulfur 
(the  sum  being  total  sulfur).  While  sulfonation  always  results  to  a  slight 
extent  in  the  production  of  arsphenamine,  this  side  action  is  more  pro- 
nounced in  the  production  of  neo-arsphenamine. 

In  oiu:  experimental  work,  two  sets  of  experiments  were  conducted: 
small  scale  experiments,  in  which  the  mechanical  factors  such  as  filtration 
and  desiccation  were  eliminated;  and  semi-commercial  (50-100  tubes) 
experiments  in  which  we  could  compare  the  errors  involved  in  various 
mechanical  procedure. 

In  this  paper  the  former  control  experiments  are  reported,  and  it  will 
be  observed  that  when  the  rats  used  for  testing  are  normal  and  when 
mechanical  errors  are  avoided  neo-arsphenamine  is  quite  a  constant 
product  and  is  tolerated  in  doses  of  320  to  355  mg./kg.  for  20-18%  ma- 
terial. In  another  paper  we  will  take  up  briefly  the  second  series  of  ex- 
periments, and  the  chief  source  of  variability. 

Experimental 
Market  Conditions. — Our  laboratory  results  agree  with  those  men- 
tioned above.  We  made  a  special  endeavor  to  find  a  sample  comparable 
to  the  high  test  sample  reported  by  Roth.  We  followed  the  official  method 
and  excluded  unfit  rats  by  means  of  weight  curve.  We  find  that  360 
mg./kg.  is  a  maximum  figure.  This  product  was,  therefore,  one  in  which 
commercial  production  is  perfected  under  ideal  conditions.  We  report 
a  typical  series  of  results. 

Table  I 
Tolerated  Doses  in  mg./kg.  op  Commercl\l  Samples 

360  400         M.  T.  D. 

mg./kg. 

280 

++++-        360 

280 

+  +  ++-        + 360 

2go 

320 
320 
)ied. 

»  King.  /.  Chem.  Soc,  119, 1107.  1416  (1921).  ^  j 
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Sam- 
ple 

A 

%As 
19.0 

200 

240 

280 

320 

B 

18.7 

+  +  + 

+  +  + 

+  +  + 

C 

18.9 

+++ 

+  +  + 



D 

20.2 

+  +  + 

+  +  +  +  + 

E 

19.0 

+  + 

+ 

++- 

F 

18.5 

+  +  +  +  + 

G 

18.5 

+  Lived. 

6L;  2D 
-Died. 
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The  variability  as  indicated  ranges  from  200  to  360  mg./kg.  The  test 
on  "E"  is  inaccurate  due  to  change  in  test  animals.  This  is  a  serious 
matter,  because  the  determination  of  such  a  value  as  the  maximum  toler- 
ated dose  is  suflSciently  defective  even  when  the  same  stock  is  used. 

Standardization  of  White  Albino  Rats. — In  any  pharmacological 
work  it  is  important  to  ascertain  results  by  comparison.  Thus  in  assaying 
digitaUs,  crystalline  ouabain  forms  a  basis  for  comparison.  In  pituitary 
work  histamine  is  used.  In  this  work  the  test  animals  offer  an  element 
of  variability  which  hitherto  has  not  been  rigidly  controlled.^® 

The  dimensions  of  the  error  which  may  result  by  making  the  same  test 
on  different  rats  are  indicated  below. 

Table  II 
Variation  in  Resistance  to  Same  Doses  in  mg./kg. 
Sample  Discrepancy 

200        240      280        300      320      360 

M    138  13+;  0-  12+;  0"     10^1"     ++++  +  +                                  Over  100  mg./kg. 

Ditto"  10-;  0  + 

M    168  +++++  +++++       +  +  —                                                      About  40  mg./kg. 

Ditto  +  ++-- 

H    187*  ++—  — +  +  +    About  40  mg./kg. 

Ditto  +  +  +++  +  +  ++-    5+.5- 

"  Run  independently  by  another  pharmacologist.  With  different  rats  the  tests 
at  200  mg./kg.  were  satisfactory. 

*  Control  rats  of  this  batch  sacrificed  and  autopsied  showed  heavy  infection  with  B. 
bronchosepticus  which  lowered  their  resistance. 

On  the  other  hand,  it  is  true  that  while  the  test  animals  vary  they  are 
quite  tmiform  in  most  cases.  Roth^^  suggests  the  possibility  of  seasonal 
variation  in  the  resistance  of  rats,  stating  that  they  are  perhaps  more 
resistant  to  neo-arsphenamine  during  the  summer  than  during  the  winter. 
It  does  not  appear  that  an  accurate  estimate  of  the  factor  of  deterioration 
can  be  made  unless  the  test  animals  are  standardized,  i.  e,,  unless  the  tests 
at  different  dates  are  made  comparatively  against  a  standard. 

At  the  present  time  it  is  impossible  to  accept  a  sample  of  neo-arsphena- 
mine as  a  control.  Not  to  speak  of  deteriorative  possibiUties,  there  are 
unavoidable  variations  in  arsenical  content.  The  work  of  Raiziss  proves 
the  possibility  of  other  chemical  variations.  Furthermore,  the  real  object 
of  the  official  test  is  to  Umit  the  oxidation  of  the  product  through  mechan- 
ical errors  in  manufacture.  Hence  it  appeared  to  us  that  a  suitable  stand- 
ard would  be  a  4%  solution  of  neo-arsphenamine  (20%  arsenic)  prepared 
from  analyzed  arsphenamine  in  such  a  way  that  all  manipidative  errors 
are  eliminated.  By  using  the  conditions  of  the  experiment  on  p.  1 1 54  a  solu- 
tion results  which  when  injected  is  tolerated  in  doses  of  320  mg./kg. 
This  we  consider  a  standard.    In  our  work  we  have  discarded  all  rats  in 

»  See  Hooper,  Rolls  and  Wright,  J.  Pharmacol.,  18, 141  (1921). 
"  Roth,  U.  S.  Pub.  Health  Repts.,  36,  No.  41,  2538  (1921). 
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which  more  than  one  death  in  5  tests  resulted  at  280  mg./kg.  (see,  e,  g., 
H-187,  Table  II). 

Maximum  Tolerated  Dose  of  Neo-arsphenamine. — This  was  deter- 
mined by  use  of  the  apparatus  in  P*ig.  1.  The  object  was  to  prepare  in 
the  calibrated  lOOcc.  flask  A,  a  4%  solution  of  neo-arsphenamine 
(20%  of  arsenic). 

The  50cc.  cylindrical  separatory 
funnel  B  is  the  reaction  chamber. 
Into  this  is  placed  the  methyl  alco- 
hol, and  the  lower  orifice  C  is  con- 
nected with  oxygen-free  nitrogen  gas 
under  a  pressure  of  8  cm.  of  mercury. 
This  gas  is  led  through  the  hydrosul- 
fite  wash  bottle  I  fitted  with  the 
safety  tube  P  which  is  also  used  in 
the  regulation  of  the  pressure  of  the 
nitrogen.  Thus  the  chamber  is  swept 
out  and  the  mixtiu-e  agitated.  The 
cylinder  carries  a  2-hole  stopper  D 
which  is  flexibly  connected  by  means 
of  elastic  rubber  band  tubing  J  such 
as  is  used  for  Gooch  crucibles.  One 
of  the  openings  bears  a  cut  25cc.  pipet 
into  which  is  inserted  a  close  fitting 
glass  rod  bearing  a  piece  of  rubber 
tubing  E  which  serves  to  make  a 
tight  joint  when  necessary.  The 
other  opening  in  the  stopper  bears  a  stopcock  F,  which  connects  through  G  with  a 
gasometer  of  nitrogen,  and  with  an  outlet  at  H.  All  the  nitrogen  is  carefully  washed 
with  an  alkaline  hydrosulfite  solution.  As  there  is  occasionally  a  trace  of  air  in  com- 
pressed nitrogen,  and  since  the  same  is  more  frequently  true  for  carbonic  acid,  this 
requires  attention. 

The  apparatus  and  tubes  are  swept  out  with  nitrogen  gas.  Then  F  b  left  open  and 
His  opened  but  G  is  closed.  The  weighed  arsphenamine  (2.581  g.  for  31%  material) 
is  dusted  into  the  pipet,  the  glass  rod  removed  for  the  time  being  and  the  material 
dissolved  in  the  agitated  methyl  alcohol.  The  pipet  is  brushed  out  and  rinsed  with  a  few 
drops  of  methyl  alcohol  and  dried  and  the  rod  fitted  loosely  into  place.  By  slipping 
along  the  rubber  tubing  the  rod  can  be  used  to  break  up  any  gummy  masses  of  the  hy- 
drochloride which  may  form. 

Long  standing  at  this  point  causes  the  separation  from  the  alcohol  of  the  sulfur- 
containing  impurities,  so  when  solution  is  completed,  H  is  closed  and  G  opened  and  the 
cylinder  is  placed  in  a  thermostat  at  25®.  The  calculated  quantity  (1.95  cc.  of  100% 
solution)  of  analytically  pure"  sulfoxylate  is  added,  allowed  to  drop  in  by  releasing  H. 
and  a  few  drops  of  water  are  used  to  rinse  the  tube.  E  is  fitted  tightly  into  position  and 
the  reaction  proceeds.  The  calculated  quantity  of  10%  sodium  carbonate  solution  is 
finally  added  at  E  and  allowed  to  nm  in  by  opening  H. 

The  nitrogen  is  turned  off  at  C  and  the  reaction  cylinder  after  removal  from  the 
thermostat  is  connected  with  the  nitrogen-filled  bulb  A  which  is  wired  on.  A  is  evacu- 
ated (through  R)  to  10-15  mm.  and,  after  closing  E  and  H  and  opening  G,  the  solutioa 


Fig.  1. — ^Apparatus  for  preparation  of 
standard  solutions. 


»  Heyl  and  Greer,  Am.  J.  Pharm.,  94, 80  (1922). 
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of  the  neo-arsphenamine  is  drawn  into  A,  nitrogen  gas  from  the  gasometer  through  O 
displacing  it.  Most  of  the  methyl  alcohol  is  lost  by  evaporation,  while  the  cylin- 
der is  quantitatively  rinsed  with  air-free  water  added  at  B  with  the  exclusion  of  all  air. 
This  is  readily  and  perfectly  accomplished  by  keeping  G  and  F  open  and  opening  H  only 
when  it  is  desired  to  allow  liquid, to  flow  at  E.  It  is  convenient  to  use  the  rod  as  a  police- 
man. Finally,  the  brilliantly  clear  solution  is  made  up  exactly  to  the  mark,  a  layer  of 
toluene  run  over  it  and  it  is  ready  for  the  toxicological  tests. 

With  this  apparatus  we  now  varied  a  number  of  conditions  and  observed 
the  effect  on  toxicity.  It  is  stated  in  the  patent  literature^^  that  if  one  uses 
an  alcoholic  medium  instead  of  an  aqueous  one  there  is  a  decreased  toxicity. 
Another  variation  consists  in  operating  with  the  precipitating  base  rather 
than  the  hydrochloride.  When  working  in  alcoholic  solution  the  reaction 
involved  two  dissolved  substances,  t.  e.,  hydrochloride  and  the  sulfoxylate. 
The  latter  fimctions  in  two  ways.  First,  it  liberated  the  amino  group, 
which  promptly  reacts  with  the  sulfoxylic  acid  and  the  free  **neo"  acid  with 
one  sulfoxylic  group  (III)  is  almost  immediately  precipitated. 

Aq  —^  Acs  Aq  — '  /\ c 

-f  2HOH2COSONa  /\ /\     H-HOH,COSOH 

^  f      1  f      I         HOHiCOSONa 

W.HC1  HC^H^NlJ^^H^NaCl         _^ 
OH   OH  OH    OH 

As  =  As  As  =  As 

HOH,COSOH  /\  /\     +  H,0 

2NaCl.  H 

J        M        \    yJn. 

H2N' 


HCl-HjNl 


HOH  \ 

N-CH,OSOH  HOSOHjC-NX/  \/N-CH,OSOH 


OH    OH  — >  OH    OH 

III  IV 

As  this  acid  (III)  is  insoluble  in  alcohol  and  in  water,  this  factor  controls 
the  reaction  and  a  fairly  uniform  product  is  formed.  The  product  is 
quantitatively  precipitated  in  less  than  5  minutes  and  greatly  increasing 
the  time  does  not  conspicuously  alter  the  pharmacological  or  chemical 
findings. 

In  view  of  the  discovery  of  Raiziss  and  Falkov*  of  a  considerable  ad- 
mixture of  the  dimethylenesulfinate  derivative  in  some  samples,  we  en- 
deavored to.  form  this  material  by  raising  temperature,  or  increasing  time, 
or  increasing  volimie  of  medium,  the  idea  being  to  render  the  precipitate 
at  first  formed  somewhat  more  soluble  and  thus  assist  in  the  introduction 
of  the  second  group,  giving  the  disubstituted  derivative  (IV). 

These  changes  immediately  complicate  the  product  with  by-products. 
These  do  not  appear  to  consist  entirely  of  the  dimethylene-sulfinate  deriva- 
tive.    Instead,  the  sulfiu*  enters  the  ring. 

Since  the  aqueous  alkaline  medium  favors  the  solution  of  the  reaction 
product,  several  experiments  were  run  in  which  the  sulfoxylate  had  ample 
opportunity  to  react  beyond  the  first  stage  but  this  did  not  favorably 
affect  the  product. 

1*  Ger.  pat.  260,235,  1913.     Compare  Ger.  pat.  245J56, 1912. 
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The  following  table  of  reactions  in  methyl  alcohol  indicates  the  fact  that 
the  reaction  is  practically  completed  in  10  minutes.  When  the  tempera- 
ture is  raised  even  to  35®  for  30  minutes  discoloration  and  increased  tox- 
icity result. 

Tabls  III 
Mbthyi.  Alcoholic  Solution-acid  Solution 
Condition  of  reaction 


400 


Arsphen- 

Doses: 

mg./kg. 

Expt. 

amine 

Temp.  Vol. 

Time 

As 

•C. 

Cc. 

Min. 

% 

280 

320 

360 

H.166 

A-1 

25 

15 

10 

19.8 

+++++ 

+++ — 

H-179 

171 

26 

15 

10 

19.6 

++++  + 

+++ — 

+++ — 

H-186 

M  - 

25 

15 

10 

20.1 

+++++ 

++++- 

5L:5D 

H.191 

M 

26 

45 

10 

20.1 

+++++ 

++ 

+ 

H-196 

M 

36 

16 

10 

19.8 

++++  + 

+++++ 

++ 

H-197 

M 

36 

30 

30 

17.0 

H-182 

171 

50 

15 

10 

19.7 

++ 

H-198 

M 

25 

20 

20 

19.7 

+  +++  + 

+++++ 

+ 

Pound: 

Maximum  Toa 

[icity 

=320  n 

ng./kg. 

The  reaction  was  carried  out  once  (Expt.  195)  by  dissolving  the  hydro- 
chloride in  15  cc.  of  alcohol,  precipitating  the  base  with  the  calculated 
quantity  of  sodium  carbonate  solution  (10%),  adding  the  suKoxylate 
and  allowing  the  reaction  to  proceed,  testing  it  at  30-minute  intervals  for 
complete  solubiUty  in  dil.  carbonate  solution.  After  3  hours  the  reaction 
had  not  gone  to  completion.  The  toxicity  of  this  preparation  was  not  de- 
termined. 

In  aqueous  solution  the  following  experiments  were  run. 


Tabl»  IV 

Aqubous  Solution 

Condition  of  reaction 

Arsphen- 

Doses:  mg./kg 

Expt.    amine  Temp.  Vol.              Time      As 

"C.       Cc.                      Min.         % 

280               320 

H-193        M       25      45                10-30^    20.3 

++++-      +++ — 

H-138       138      25       15(50%  ale.)    20      18.7 

++++-      +++ — 

H-199      M        25      25                     60      19.2 

++++-      

360  400 


^  After  running  the  reaction  for  10  minutes  the  calculated  quantity  of  10%  sodium 
carbonate  solution  was  added,  after  which  a  clear  solution  resulted  in  26  minutes.  The 
reaction  was  discontinued  after  30  minutes. 

The  chief  object  of  the  experiments  in  aqueous  solution  was  to  learn 
whether  the  dimethylene-sulfinic  acid  derivative  was  produced  in  greater 
amount  and  how  this  affected  the  toxicity  of  the  preparation.  This  might 
be  expected  to  be  less  toxic.  All  the  nms  in  both  alcoholic  and  aqueous 
medium  were  subjected  to  the  "following  analytical  control.         ^^^ 

Analyses  of  the  Products  Tested  Above.*^Por  this  purpose  3  samples 
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of  the  solution  of  5,  5  and  25  cc.,  respectively,  were  removed.  Dupli- 
cate estimations  of  the  arsenic  were  made  by  the  Lehman  method.  For 
a  20%  neo-arsphenamine  0.04  g.  of  arsenic  (10.67  cc.  of  0. 1  N  sodium 
thiosulfate  solution)  is  required. 

The  25cc.  sample  diluted  to  70  cc.  was  cooled  to  0°  and  precipitated 
with  a  slight  excess  oi  2N  hydrochloric  acid  and  then  centrifuged.  The 
precipitated  neo-acid  was  washed  thrice  with  70  cc.  of  water  at  0°  acidu- 
lated with  2  cc.  oi  2  N  hydrochloric  acid,  then  centrifuged  to  obtain  a 
sharp  separation.  The  resulting  free  acid  was  dissolved  in  a  slight  excess 
oi  2  N  sodium  hydroxide  solution  and  made  up  to  50  cc.  This  was  di- 
vided into  3  parts  of  10,  20  and  20  cc,  respectively.  Ten  cc.  was  used 
for  the  arsenic  determination  in  the  precipitated  neo-acid.  One  of  the 
20cc.  aUquot  portions  was  used  for  the  determination  of  total  sulfur  by 
the  regular  sodium  peroxide  fusion  method.  The  other  portion  was  used 
for  the  determination  of  all  the  sulfur  except  nuclear  (sulfoxylate  sulfur) 
by  the  method  given  by  Raiziss  and  Falkov.^  This  involves  oxidation 
with  an  excess  of  iodine -solution  and  precipitation  of  barium  sulfate. 

The  difference  between  total  sulfur  and  sulfur  by  the  iodine  oxidation 
method  may  be  taken  as  sulfur  which  has  been  introduced  into  the  ring 
as  a  sulfonic  acid  derivative  or  united  with  the  arsenic  as  an  organic  ar- 
senic sulfide.  The  calculations  are  reported  in  terms  of  atomic  ratios. 
Theory  for  the  pure  monomethylene-sulfinic  acid  derivative  requires 
2  arsenic  :  1  sulfur.    The  findings  are  as  follows. 


TABI.B  V 

Distribution  op  Sulfur 
Sulfur  in  original 
arsphenamine  Condensation 

Total      S  by     Nuclear 


0 

Sulfur  distribution  in 

neo-arsphenamine 
Total    Neo.*  Nuclear 


Sample 

S 

iodine 

S 

Solvent        Time 

Temp. 

S 

S 

S 

Cc. 

Min. 

«C. 

H-166 

0.15 

0.04 

0.11 

CHsOH.  15 

10 

25 

1.15 

1.06 

0.09 

H-179 

0.15 

0.07 

0.08 

CHjOH.  15 

10 

25 

1.18 

1.04 

0.14 

H-185 

0.10 

0.08 

0.02 

CHsOH.  15 

10 

25 

1.27 
1.26 

1.18 
1.12 

0.09 
0.14 

H.191 

0.10 

0.08 

0.02 

CH,OH.  45 

10 

25 

1.21 

1.15 

0.06 

H-196 

0.10 

0.08 

0.02 

CHjOH.  15 

10 

35 

1.34 

1.19 

0.15 

H.197 

0.10 

0.08 

0.02 

CH3OH.  30 

30 

35 

1.37 

1.23 

0.14 

H-182 

0.15 

0.07 

0.08 

CH3OH.  15 

10 

50 

1.39 

1.17 

0.22 

H-198 

0.10 

0.08 

0.02 

CHaOH.  20 

20 

25 

1.39 

1.25 

0.14 

H-193 

0.10 

0.08 

0.02 

HOH       15 

10-30^  25 

1.18 

1.04 

•  0.14 

H.199 

0.10 

0.08 

0.02 

HOH       25 

60 

25 

1.30 

1.16 

0.14 

•  See  Table  IV. 

*  Neo-sulfoxylic  sulfur. 

These  results  show  that  when  this  reaction  is  carried  out  at  25°  for 
ten  minutes  a  relatively  pure  mono  derivative  is  formed  (4  to  15%  of 
the  di  derivative  being  formed)*    Whe»  the  timetis  doubled  25%  of  the 
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di  compound  is  formed.  Varying  the  dilution  seemed  to  have  no  appre- 
ciable effect  on  the  introduction  of  the  methylenesulfinic  acid  group. 
Increasing  the  temperatiu-e  10°  resulted  in  an  increase  in  the  di  derivative 
(about  4%).  A  further  increase  up  to  50  ^^  gave  no  greater  percentage  of 
the  di  compound.  Increasing  the  time  from  10  to  30  minutes  at  35° 
gave  a  slight  increase  in  the  substitution  (about  4%).  When  this  reaction 
was  carried  out  at  higher  temperature  and  longer  times  a  secondary  de- 
composition took  place  with  more  of  the  sulfur  entering  the  nucleus,  a 
marked  coloration  of  the  solution  and  a  somewhat  higher  toxicity. 

Influence  of  Toxicity  of  Intermediate  Base  on  Toxicity  of  Resultant 

Neo-arsphenamine 

We  recognize  the  stability  of  arsphenamine,  particularly  in  acid  solu- 
tion, but  the  base  itself  is  more  prone  to  oxidation.  It  would  appear 
probable  that  this  factor  might  have  a  final  influence,  particularly  as 
neo-arsphenamine  is  prepared  from  base  rather  than  hydrochloride* 
Since  this  work  was  originally  outlined  to  study  the  last  part  of  the  .prepa- 
ration, (i.  e.,  the  condensation  of  sodium  formaldehyde  sulfoxylate), 
only  standardized  hydrochlorides  were  used  instead  of  the  unstandardized 
base.  It  will  be  admitted  that  any  irregularities  in  base  production  wiH 
be  accentuated  in  the  corresponding  hydrochlorides,  because  it  involves 
one  fxuther  manipulation  (i.  ^.,  precipitation  and  desiccation  of  the  prod- 
uct) .  In  using  hydrochlorides  of  various  toxicities  we  have  been  astonished 
to  find  that  a  variability  of  40  mg./kg.  in  the  starting  material  has  been 
without  conspicuous  influence  upon  the  neo-arsphenamine  solutions  pre- 
pared therefrom. 

The  following  determinations  will  show  the  nattue  of  the  starting  ma- 
terial used  in  the  above  described  experiments. 


Tabi,b  VI 

Toxicmr  ot  Arsphsnamine  Used 

Doses:   mg 

./kg. 

imple 

As 

% 

90                  100 

110 

A-1 

31.3 

+++++       3L;7D 

++ 

171 

30.8 

+++++       + 

M 

32.1 

++++- 

+ 

120  130 


By  comparing  this  table  with  Table  III,  it  will  be  observed  that  a  19. 6% 
of  drug  (H-179)  made  from  the  hydrochloride  passing  the  tests  at  130 
mg./kg.  makes  a  distinct  failure  at  400  mg./kg.;  whereas  the  sample 
H-185  made  from  M  which  while  just  passing  100  mg./kg.,  gives  an  equally 
good  neo  derivative.  Even  A-1,  failing  to  pass  at  100  mg./kg.  gives  a  nco 
derivative  of  standard  tolerance. 

One  reason  for  this  uniformity  is  probably  found  in  the  fact  that  the 
free  sulfoxylic  acid  present  in  the  reaction  mixture  in  large  amounts 
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With  commercial  arsphenamine 
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must  tend  to  eradicate  traces  of  oxidation  products,  for  the  free  acid  is 
quite  unstable,  breaking  down  easily. 

CH2OH.OSOH  +  O— ^HCHO  +  H2O  +  SO2. 

The  Lethal  Activity  of  Neo-arsphenamine. — The  characteristic  de- 
layed effects  which  result  in  the  official  tests,  make  it  advisable  to  extend 
the  period  during  which  the  rats  are  under  observation  to  7  days.    This 
is  in  marked  contrast  to  the  acute  poisoning  due  to  arsphenamine,  for  which 
the  period  of  observation  is  but  2  days.     Roth^*  has  plotted  a  curve  show- 
ing this  difference  between  the  drugs, 
the  maximiun  number  of  deaths  oc- 
curs on  the  first  day,  whereas  the 
fourth  day  is  the  critical  day  for 
neo-arsphenamine  poisoning. 

In  testing  solutions  of  freshly 
prepared  high  test  neo-arsphen-  '^ 
amine,  we  find  that  toxic  doses  be- 
have very  similarly  to  arsphen- 
amine itself.  The  acute  lethal  effect 
is  at  a  maximum  in  24  hours  as  is  Time  in  days. 

shown    by   the   solid  line  curve  in       Fig.  2.— Difference  in  the  death  rate  of 
Fig.   2.  rats  after  poisoning  with  solutions  of  freshly 

The  findings  of  Roth^*  for  the  P^^P^^^^'  ^igh  test  neo-arsphenamine  and 
-     ^-       ^       -      ^    ^       .    ,     ..,  with  the  solid  commercial  product. 

death  rate  of  rats  treated  with  com- 
mercial neo-arsphenamine   (dry  powder)   is  given  by  the  broken  line. 

It  would  appear  that  when  the  mono  derivative  is  prepared  in  pure 
condition  and  when  traces  of  oxidation  products  are  excluded,  the  toxic 
action  of  higher  doses  is  acute.  It  should  be  noted  in  passing,  where 
high  test  products  such  as  B  and  D  (p.  1152)  are  being  tested  a  similar 
acute  death  rate  frequently  results. 

Summary 

1.  The  toxicity  of  commercial  samples  of  neo-arsphenamine  ranges 
from  200  to  360  mg./kg. 

2.  In  determining  the  toxicity  of  neo-arsphenamine  the  variability 
of  the  test  rats  is  a  very  important  factor.  Examples  were  given  where 
40  to  100  mg./kg.  difference  was  obtained  by  the  same  test  made  on  differ- 
ent animals. 

3.  A  method  is  suggested  which  can  be  used  for  the  standardization 
of  the  neo-arsphenamine  test  rats. 

4.  The  toxicity  of  the  arsphenamine  (00-130)  is  shown  to  have  a  neg- 
ligible effect  on  the  toxicity  of  the  neo-arsphenamine  derived  from  it. 
In  the  condensation  of  arsphenamine  to  neo-arsphenamine  the  influence 

"  Roth,  Arch.  Derm.  Syph.,  2,  295  (1920).     See  also  Ref.  10. 
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is  shown  of  the  change  of  solvents,  dilution,  time,  and  temperature  on  the. 
toxicity,  introduction  of  the  methylene-sulfinate  group  and  sulfur  dis- 
tribution. 

5.  A  curve  is  given  showing  the  acute  lethal  activity  of  a  freshly  pre- 
pared solution  of  neo-arsphenamine. 

6.  The  introduction  of  a  methylene-sulfinic  acid  group  in  the  arsphen- 
amine  increases  the  tolerated  dose  of  the  arsenical  from  110  mg./kg.  to 
about  320  mg./kg.  (20%  of  arsenic).  Introduction  of  the  second  group 
was  complicated  with  side  reactions  giving  a  higher  toxicity. 

In  conclusion  we  wish  to  thank  Dr.  Frederick  W.  Heyl  at  whose  sug- 
gestion this  work  was  carried  out. 
KALAiiAzoo,  Michigan 

NEW  BOOKS 
Within  the  Atom.    A  Popular  View  of  Electrons  and  Quanta.    By  John  Mnxs.    D. 
van  Nostrand  Company,  N.  Y.,  1921.    xiii  +  215  pp.     36  figs.      13  X  19.5  cms. 
Price,  $2.00  net. 

The  rapid  advance  that  has  been  made  in  the  past  decade  or  two  in 
the  investigation  of  the  structure  of  the  atom,  and  which  is  still  in  full 
progress,  has  attracted  the  interest  not  only  of  scientists  but  also  of  the 
general  reading  public.  Mr.  Mills  in  undertaking  the  extremely  diffi- 
cult task  of  presenting  the  experimental  results  and  theoretical  conclusions 
of  the  subject  in  a  form  that  will  be  popularly  comprehended,  has  gone  to 
unusual  lengths  in  excluding  ever3rthing  of  mathematical  nature  and  in 
introducing  elaborate  illustrations  drawn  from  everyday  life.  The  result 
is  a  very  readable  book  which  appears  to  serve  its  purpose  acceptably. 
While  no  attempt  is  made  to  furnish  references  to  the  literature,  the  reader 
is  familiarized  with  the  names  of  the  principal  investigators  in  the  various 
fields  considered. 

The  author  has  rather  wisely  disregarded  historical  order  and  with  the 
assumption  of  some  knowledge  of  a  few  of  the  fundamentals  of  physics 
and  chemistry  begins  with  the  presentation  of  the  electronic  structure 
of  the  atom,  and  passes  successively  to  isotopes,  radioactive  phenomena, 
conduction  of  electricity  through  gases,  and  general  electronics.  Atomic 
numbers  are  introduced  through  a  consideration  of  X-radiation,  the 
quantum  theory  through  photo-electric  effects;  the  structure  of  crystals 
as  revealed  by  X-rays  is  simply  and  clearly  presented.  The  final  chapter 
is  devoted  to  the  consideration  of  ^lergy  and  its  availability.  In  an  ap- 
pendix several  pages  are  given  to  an  elementary  exposition  of  the  use 
of  the  decimal  exponentid  system  of  writing  ntunbers,  which  though 
undoubtedly  necessary,  is  a  rather  sad  commentary  on  our  common 
school  methods  of  teaching  mathematics.  The  appendix  contaitis  defi- 
nitions, magnitudes,  and  discussions  of  various  units  and  terms  employed 
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in  the  text.  An  alphabetical  glossary  takes  the  place  of  an  index  and  con- 
tains abbreviated  definitions  of  the  technical  terms  employed.  A  few 
errors  have  crept  in.  One  of  the  most  serious  is  the  confusing,  on  p.  9, 
of  the  terms  "half  life"  and  "average  Ufe"  in  radioactive  changes. 

S.  C.  LiND 

Elektrochemische  Metallkunde  (The  Electrochemistry  of  the  Metals).  By  Dr.  R. 
ICrBmann,  Professor  of  Physical  Chemistry  at  the  University  of  Gratz.  Second 
volume,  1st  part,  3rd  section  of  MetaUographie.  Gebrueder  Bomtraeger,  Berlin, 
1921.    XX  +  656  pages;  226  figm-es.     18.5  X  26  cm.     Price  $10.50. 

This  installment  of  over  600  large  pages  of  Guertler's  Text  and  Hand- 
book of  the  Constitution  and  the  Physical,  Chemical  and  Technical 
Properties  of  the  Metals  and  Metalhc  Alloys  is  the  third  section  of  the 
first  part  of  the  second  volume!  It  aims  to  cover  completely  this  par- 
ticular subdivision  of  human  knowledge,  and  indeed  appears  to  do  so 
with  reasonable  success. 

The  first  section  of  30  pages  contains  a  general  introduction  dealing  with 
the  potentials  exhibited  by  the  pure  metals,  and  follows  the  usual  mode  of 
presentation.  The  second  section  of  over  400  pages,  the  pibce  de  resistance 
of  the  book,  contains  in  systematic  form  all  the  existing  information  re- 
garding the  potentials  of  metalhc  alloys.  Binary  mixtiwes  come  first, 
followed  by  the  ternary  and  polynary.  Of  particular  interest  is  the 
summary  of  our  present  knowledge  regarding  the  potentials  of  the  amal- 
gams, and  the  electrochemical  behavior  of  the  various  sorts  of  iron. 

The  third  section  deals  with  the  preparation  of  metallic  alloys  by  pre- 
cipitation; the  fourth  with  the  processes  taking  place  during  the  electroly- 
sis of  solutions  of  metallic  salts.  In  this  section  there  is  a  short,  but 
thorough  discussion  of  polarization,  overvoltage,  the  form  of  electrically 
deposited  metals,  and  the  production  of  alloys  by  electrical  deposition, 
both  from  aqueous  solutions,  and  from  fused  salts.  The  final  (fifth) 
section  deals  with  the  anodic  behavior  of  metals  and  metallic  alloys. 

The  book  is  carefully,  clearly  and  succinctly  written.  It  appears  to 
bring  the  various  subjects  right  up  to  date,  as  references  to  the  1921 
Uterature  are  frequent.  Moreover,  it  is  replete  with  references  to  the 
work  of  non-German,  and  particularly  of  American,  investigators.  The 
paper  and  printing  are  excellent. 

The  only  serious  flaw  which  the  reviewer  has  noted  is  the  method 
adopted  for  references  to  the  original  literature.  Only  the  name  of  the 
investigator  and  the  year  are  given.  There  is  no  mention  of  the  name  of 
the  article,  nor  of  the  name  of  the  journal  in  which  it  appeared.  The 
editor  of  the  Handbook  as  a  whole  (Guertler)  alleges  (1)  that  these  refer- 
ences are  adequate,  and  (2)  that  any  other  method  would  have  been  pro- 
hibitive in  cost.  The  first  statement  shows  an  almost  inexcusable  dis- 
regard for  the  time  and  convenience  of  the  reader,  and  hence  a  miscon- 
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ception  of  the  function  of  a  scientific  publication  of  this  kind.  As  re- 
gards the  second  statement,  the  number  of  references  per  page  is  not  by 
any  means  imusually  large,  surely  no  greater  than  in  an  ordinary  Journal 
article.  An  explanation  of  this  peculiar  procedure,  but  hardly  a  satis- 
factory one,  may  be  found  in  the  announcement,  after  the  preface,  that 
an  additional  volume  of  the  Handbook  will  be  issued,  called  **A  Reference 
Book  to  the  Ijterafure  of  the  Science  of  Metals.**       Arthuk  B.  Lamb 

The  Vitamins.  By  H.  C.  Sherman,  Professor  of  Food  Chemistry.  Coltmibia  Uni- 
versity, and  S.  L.  Smith,  Specialist  in  Biological  and  Food  Chemistry,  United 
States  Department  of  Agriculture.  American  Chemical  Society  Monograph 
Series.  The  Chemical  Catalog  Company,  Inc.,  1  Madison  Avenue,  New  York, 
U.  S.  A.,  1922.     iii  -f-  273  pp.    20  fig.    23.5  X  15  cm.     Price  $4.00. 

When  it  was  announced  that  Professor  Sherman  was  to  prepare  a  mono- 
graph on  the  vitamins,  we  anticipated  that  we  should  be  given  an  excellent 
review  of  this  new  subject,  and  we  were  not  disappointed.  As  was  to  be 
expected  from  his  experience  as  an  investigator  in  the  field  of  animal 
nutrition  and  from  his  experience  as  a  book  maker,  the  treatment  of  the 
subject  is  comprehensive,  but  delightfully  conservative. 

Professor  Sherman  and  his  colleague,  Mr.  S.  L.  Smith,  have  arranged 
the  material  in  5  chapters.  Chapter  1  gives  an  historical  sketch  of  vita- 
mins which  is  the  best  we  have  seen.  In  the  main,  it  depicts  the  develop- 
ment of  the  subject  as  it  has  actually  taken  place,  and  as  the  work  of 
many  individuals  rather  than  the  product  of  one  or  two  minds,  as  some 
writers  would  have  us  beheve.  Then  follow  3  chapters,  each  dealing  with 
a  particular  vitamin,  but  recognizing  the  possibiUty  of  the  composite 
nature  of  each  class.  Chapter  2  treats  of  vitamin  B  (the  antineuritic 
vitamin),  Chapter  3  of  vitamin  C  (the  antiscorbutic  vitamin),  and  Chapter 
4  of  vitamin  A  (the  fat  soluble  vitamin).  In  Chapter  5  there  is  a  dis- 
cussion of  the  distribution  of  the  vitamins  in  natural  foods  so  far  as  they 
have  been  investigated.  This  chapter  has  particular  value  for  dietitians 
and  medical  men. 

An  extensive  bibliography  is  added  which  makes  the  monograph  of 
very  great  value  and  guarantees  its  wide  use  not  only  by  those  curious 
only  about  vitamins,  but  by  investigators  in  this  field.  The  closing 
paragraph  to  Chapter  5  is  worth  repeating,  as  the  exploitation  of  special 
materials  for  their  vitamin  content  is  unjustifiable  in  a  properly  selected 
dietary. 

"Even  with  our  present  knowledge  we  believe  it  safe  to  say  that  with 
a  dietary  selected  to  make  the  best  use  of  our  ordinary  staple  foods  there 
will  be  rarely  if  ever  occasion  to  purchase  vitamins  in  any  other  form, 
or  to  give  any  greater  anxiety  to  the  vitamins  than  to  some  other  factors 
which  enter  into  our  present  conception  of  nutritive  requirements  and  food 
values."  E.  B.  Hart 
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THE  SYSTEM,  SILVER  PERCHLORATE-WATER-BENZENE 

By  Arthur  E.  Hu,i. 

Receiyed  November  1,  1921 

Introduction 
In  a  previous  communication*  attention  was  called  to  the  fact  that  silver 
perchlorate  has  a  moderate  solubility  in  benzene,  and  that  the  addition 
of  about  1%  of  water  to  a  complex  of  salt  and  saturated  solution  causes 
the  formation  of  two  liquid  phases,  each  high  in  benzene  but  differing 
in  water  content  and  salt  content;  under  certain  conditions  a  third  liquid 
phase  is  obtained.*  This  ternary  system  has  now  been  studied  from  the 
temperature  of  the  ternary  eutectic  up  to  the  boiling  points  of  the  Uquids 
and  in  some  cases  beyond  the  boiling  points.  Two  compounds  have 
been  found,  a  hydrate  of  the  formula  AgC104.H20  and  a  benzene 
addition  compotmd  of  the  formula  AgClO^.CeH^;  these  two  solids,  to- 
gether with  the  anhydrous  salt,  benzene,  ice,  the  three  liquids  and  the 
vapor,  give  rise  to  a  very  considerable  number  of  invariant  points  and 
4-phase  equiUbria  which  have  been  studied.  A  complete  representation 
of  the  3-component  system,  from  its  lowest  eutectic  temperature  up  to 
the  melting  point  of  the  silver  perchlorate,  is  given  in  the  following  pages. 

1  Hill,  This  Journai,,  43,  254  (1921). 

*  Professor  E.  W.  Washburn  of  the  University  of  Illinois  made  a  prior  observation 
of  the  occurrence  of  3  liquid  phases  in  this  system,  the  work  being  embodied  in  a  Bache- 
lor's thesis  presented  at  that  institution  by  Mr.  Russel  W.  Millar  in  1916.  Professor 
Washburn  has  very  courteously  left  the  matter  to  me  for  complete  investigation. 


Digitized  by  VjOOQ IC 


1164 


ARTHUR  B.  niU. 


The  Three  Binary  Systems 

Study  was  made  of  each  of  the  3  binary  systems  from  which  the  ter- 
nary system  is  composed.  In  the  system,  silver  perchlorate  and  water, 
solubility  determinations  have  been  made  from  100°  downward  to  the 
binary  eutectic,  the  concentration  of  salt  being  determined  through  direct 
titration  by  Volhard's  method;  freezing-point  determinations,  made  by 
use  of  the  Beckmann  apparatus,  were  carried  out  to  complete  the  curve 
from  the  eutectic  to  the  water  axis.  The  low  temperatures  required  were 
obtained  by  use  of  a  cooling  bath  of  solid  carbon  dioxide  and  ether. 

It  was  found  that  the  hydrate  AgC104.H20  is  stable  up  to  43''.  The 
transition  point  was  determined  by  cooling-point  curves,  and  agrees  well 
with  that  indicated  by  the  solubility  curves  given  below  in  Fig.  1.  The 
formation  of  a  hydrate  was  proved  by  the  observation  of  a  small  rise  in 
temperature  upon  addition  of  a  small  amount  of  water  (about  9%)  to 
a  quantity  of  anhydrous  salt;  the  relatively  small  rise  in  temperature 
which  was  noted  indicates  qualitatively  that  the  heat  of  formation  is  small. 
The  composition  of  the  hydrate  was  determined  by  draining  crystals  at 
room  temperature  and  drying  them  over  anhydrous  silver  perclilorate 
in  a  very  small  desiccator;  such  a  system  should  give  a  vapor  tension 
in  equilibrium  with  the  hydrate.'  The  analysis  showed  90.68%  and 
90.96%  of  silver  perchlorate  present,  as  against  92 .  00%  required  by  the  for- 
mula AgC104.H20;  the  retention  of  about  1%  of  water  by  the  crystals 
is  not  surprising  in  view  of  their  very  hygroscopic  character.  The  solu- 
bility figtues  are  given  in  Table  I. 

Tablb  I 
Silver  Perchlorate  and  Water 


Solid  phase 


AgC104 


(AgC104.H,0(metastable) . 
AgClOiH- AgC104.H,0.. 

AgC104.HiO 

AgC104.H,0 

AgCl04.HjO  H-  Ice 


Ice. 


Temp. 
*c. 

Density 

AgC104% 
by  wt. 

by  wt. 

480 

100.00 

99 

3.069 

88.8 

11.2 

75 

3.022 

88.1 

11.9 

50 

2.995 

87.2 

12.8 

43 

86.5 

13.5 

25 

2.806 

84.5 

15.5 

0 

2.667 

81.3 

18.7 

-58.2 

2.315 

73.9 

26.1 

-40 

70.4 

29.6 

-24 

60.3 

39.7 

-10 

45.2 

54.8 

-  3 

26.55 

73.45 

-  0.16 

0.96 

99.04 

0.0 

0.00 

100.0 

The  eutectic  temperature,   —58.2*',  is  lower  than  that  of  any  other 
true  salt  in  water,  and  only  in  the  cases  of  hydrogen  chloride  in  water,  po- 
»  HiU,  This  Journal.  44,  546  (1922). 
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tassium  hydroxide  in  water,  and  sulfuric  acid  in  water  have  lower  eutectics 
been  found.  The  solubility  of  the  salt  in  water  is  exceedingly  high,  and 
the  curve,  shown  in  Fig.  1,  is  made  up  of  two  practically  straight  Unes, 
leading  to  the  melting  point  of  the  salt,  480°.^  The  freezing-point  de- 
terminations at  low  concentrations  of  the  salt  show  it  to  be  normally  dis- 
sociated in  water  (81 . 5%  at  0. 047  iV). 


cr    I0&  2p(jr  3ocr  4ocr 


^jL^^-^-:^  \loo 


Temperature 


Fig.  1. — Solubility  of  AgClOi  in  HsO  (upper  curve); 
AgClOi  in  CeHe  (lower  curve). 

In  determining  the  solubility  curve  of  the  salt  in  benzene,  solutions 
saturated  at  temperatures  from  25°  to  80°  were  pipetted  into  flasks  and, 
after  weighing,  treated  with  water  to  extract  the  silver  salt,  which  was 
then  titrated  with  standard  thiocyanate  solution.  The  determinations 
at  temperatures  above  80°  were  made  by  sealing  weighed  amounts  of 
silver  perchlorate  and  benzene  in  small  glass  tubes,  which  were  rocked 
mechanically  in  a  large  heating  bath  of  calcitun  chloride  solution  in  which 
the  temperatiu*e  was  slowly  raised;  the  temperature  at  which  the  solid 
disappeared  was  taken  as  corresponding  to  a  saturated  solution  of  the 
composition  taken.  The  benzene  used  was  purified  as  noted  later,  and 
the  cryoscopic  determinations  made  in  the  usual  Beckmann  apparatus. 

The  compotmd  AgC104.C5H«  was  found  to  be  the  solid  phase  at  all 
ordinary  temperatures.  Crystals  formed  from  benzene  solution  and  dried 
over  anhydrous  silver  perchlorate  were  found  upon  analysis  to  contain 
72. 14%  of  AgClO*;  calculated  from  the  formula,  72. 64%.  Attempts  to 
determine  the  transition  temperature  of  the  double  compound  showed  it 
to  be  siuprisingly  high;  on  being  heated  in  sealed  tubes,  the  compound 
*  CameUy,  /.  Chem.  Soc,  45,  409  (1884). 
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showed  partial  liquefaction  at  140^  to  146^.  Prom  the  solubility  u«»- 
surements  given  in  Table  II  it  appears  that  the  transition  temperature  is 
about  145®,  over  60  ^^  above  the  boiling  point  of  benzene. 


Tabi^II 

Sn«V9R  PBRCm^RATS  AND  BBNZBN^ 


Solid  phase 


Agao*. 


(over 


AgC104  +  AgC104.C,H.. 

AgC104(metastable) 

AgC104.C«H. 


AgC104.C.H.  +  C,H.. 
cja. 


AgC104% 

H*0% 

Temp. 
•C. 

Density 

by  wt. 

bywt. 

480 

... 

100.0 

•  • 

a-  160) 

66.6 

34.4 

169 

64.6 

36.4 

146 

63.0 

37.0 

140 

62.6 

37.4 

138.6 

60.0 

40.0 

116.6 

60.5 

49.5 

92 

40.1 

69.9 

80.3 

1 

.164 

32.2 

67.8 

50 

0 

.895 

10.07 

89.93 

25 

0 

.906 

6.00 

96.00 

5.12 

0 

909 

3.44 

96.66 

6.48 

, , 

0.00 

100.00 

The  salt  is  associated  in  benzene  solution  as  molecules  of  double  and 
triple  the  normal  molecular  weight,  in  equilibrium  with  unassodated 
molecules;  electrolytic  dissociation  does  not  occur.*  This  considerable 
association  explains  the  fact  that  the  eutectic  temperature  (5.12**) 
is  but  slightly  lower  than  the  freezing  point  of  pure  benzene,  5.48**.* 
The  solubility  curve  rising  from  the  eutectic  (Fig.  1),  becomes  very 
steep  at  temperatures  above  50®,  flattening  out  again  at  higher  tempera- 
tures, and  showing  a  distinct  double  flexiu-e.  The  form  of  the  curve 
is  very  similar  to  that  observed  for  salicylic  acid  and  water  by  Alexejew,' 
in  which  case  the  formation  of  two  liquid  phases  was  observed  in  the 
metastable  region  to  the  left  of  the  solubility  curve.  In  the  case  of  silver 
perchlorate  and  benzene,  the  formation  of  two  liquids  was  not  observed 
upon  undercooling  the  solutions  as  much  as  SO*',  but  it  is  evident  from  the 
nearly  perpendicular  character  of  the  curve  that  changes  occur  in  the  so- 
lution of  the  kind  which  frequently  produce  2  liquid  phases,  which  are 
in  the  stable  region  when  the  solubility  curve  is  perpendicular  or  inclined 
toward  the  vertical  axis  with  increasing  concentration,  or  in  the  metastable 
region  when  the  solubility  curve  does  not  quite  reach  the  perpendicular. 
This  approach  of  the  curve  to  a  condition  demanding  2  liquid  phases 
will  be  referred  to  later  as  explaining  in  part  the  occurrence,  in  the 
3-component  system  including  water,  of  one  more  liquid  phase  than  would 
be  anticipated  from  the  facts  as  to  the  2-component  systems. 

»  Hill,  Tms  JouRNAi.,  43,  258  (1921). 

•  Richards  and  Shipley,  ibid.,  41,  2002  (1919). 

7  Alexejew,  Wied.  Ann.,  28,  330  (1886). 
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For  the  system,  benzene-water,  a  complete  investigation  has  not  yet  been 
made.    Herz*  gives  the  solubility  of  water  in  benzene  as  0.21%  at  22®, 
from  which  value  Richards  and  Shipley*  dissent  on  the  basis  of  freezing- 
point  determinations  made  by  them,  which  give  by  calculation  a  solu- 
bility of  about  0.03%  at  5.4®  if  a  normal  molecular  weight  is  assigned  to 
water.    Three  determinations  made  in  the  course  of  my  work  give  0.077® 
as  the  average  depression,  which  is  in  fair  agreement  with  Richards  and 
Shipley's  more  carefully  determined  figure  0.09®.    This  places  the  quad- 
ruple point  at  about  5 .  40  ®.    Clifford*  has  recently  obtained,  by  displacing 
the  water  from  saturated  benzene  solutions  and  weighing  the  water  ob- 
tained, figures  rising  from  0.046%  at  21®  to  0.113%  at  55®,  which  are 
a  little  higher  than  those  of  Richards  and  Shipley ;  GroscfaufI  has  a  slightly 
higher  set  of  figures.     By  an  ac- 
curate method  described  later  in 
this  report,  a  value  of  0.06%  for 
the  solubility  of  water  in  benzene 
at  25®  has  been  obtained.    A  care- 
ful investigation  of  this  solubil- 
ity curve  is  now  being  conducted 
in  this  Laboratory,  but  it  has  not 
appeared  necessary  to  delay  this 
publication  until  the  completion  of 
that  work. 

For  the  solubility  of  benzene  in 
water  we  have  Herz's*  figure  of 
0.08%  at  22®.  Three  determina- 
tions of  the  freezing  point  of  water 
saturated  with  benzene  have  given  me  an  average  value  of  0.037®  for  the 
depression,  which  by  calculation  gives  a  benzene  concentration  of  0. 153% 
at  0®.  The  upper  and  lower  sections  of  the  solubiUty  ciu^e  are,  there- 
fore, still  open  to  question;  however  it  appears  clear  that  the  mutual 
solubilities  are  very  low,  as  indicated  in  Fig.  2.  From  the  information 
at  hand  we  should  have  to  deduce  that  the  solubility  of  water  in  ben- 
zene increases  with  rising  temperature,  and  that  of  benzene  in  water  de- 
creases imder  the  same  change  of  conditions. 

The  Ternary  System 

Methods  of  Experimentation. — In  the  analysis  of  solutions  containing 

the  3  components  the  silver  perchlorate  has  been  determined  directly  by 

titration   with   standard   ammonium   thiocyanate.    No   suitable   direct 

method  could  be  found  for  determining  the  water  or  the  benzene.    The 

•  Hen.  Ber„  31,  2669  (1808). 

•  Cli£Ford.  /.  Ind.  Eng.  Chem,,  13,  632  (1921).     Groschuff,  Z.  Elektrochem.,  17, 
348  (1911). 

Digitized  by  LjOOQ IC 


Temperature 

Fig.  2.— Solubility  of  water  and  benzcae. 


1168  ARTHUR  E.  HIU. 

indirect  method  adopted  consists  in  preparing  samples  of  benzene  and  water 
by  weighing  each  of  them  into  a  cylinder  and  using  this  mixed  solvent 
to  determine  the  solubility  of  silver  perchlorate  at  25®  in  an  accurately 
controlled  thermostat;  the  figures  thus  obtained,  which  are  given  later 
in  Table  IV,  were  plotted  so  as  to  give  a  solubility  curve  which  could  be 
used  for  reference  purposes.  The  solution  obtained  in  any  experiment 
at  any  temperature,  after  determination  of  its  silver  perchlorate  concen- 
tration, was  pipetted  into  a  dry  cylinder,  weighed,  treated  with  excess  of 
anhydrous  salt,  and  agitated  at  25°  until  equilibrium  was  reached;  a 
sample  was  titrated  for  its  new  content  of  silver  perchlorate,  and  the  point 
corresponding  to  this  composition  on  the  25°  solubility  curve  was  taken 
as  giving  the  relative  proportions  of  water  and  benzene  present.  This 
method  gives  very  accurate  results  in  all  mixtures  except  those  in  which 
the  benzene  concentration  is  below  2% ;  in  these  latter  cases  the  solubility 
curve  at  25°  is  not  suited  to  give  acciu-ate  readings,  since  it  is  almost 
parallel  to  the  water-benzene  axis. 

The  solid  phase  present,  when  its  composition  was  not  obvious,  was 
determined  by  application  of  phase-rule  principles;  a  complex  of  salt, 
water  and  benzene  having  given  a  solution  of  a  certain  composition,  it 
follows  that  a  straight  line  connecting  these  two  points,  on  the  triangular 
diagram  described  below,  leads  to  the  composition  of  the  solid  phase, 
which,  as  all  the  solid  phases  are  either  binary  compounds  or  of  a  single 
component,  is  found  upon  one  of  the  sides  of  the  triangle. 

The  benzene  and  silver  perchlorate  used  were  carefully  purified.  The  benzene  was 
washed  with  cone,  sulfuric  acid  and  then  with  water,  dried  with  calcium  chloride,  then 
recrystallized,  and  finally  dried  and  kept  over  metallic  sodium.  The  principal  sample 
used  showed  a  melting  point  of  5.432**  which  is  0.048**  lower  than  Richards*  quoted 
figure  of  5.48®.  All  measurements  of  temperature  involving  solid  benzene  have  been 
corrected  by  0.048®  to  agree  with  Richards'  data.  The  silver  perchlorate  used  was 
prepared  from  silver  nitrate  by  precipitation  with  sodium  hydroxide;  the  precipitated 
silver  hydroxide  after  washing  was  then  dissolved  in  60%  perchloric  add  and  the  solu- 
tion evaporated  on  the  water-bath  to  partial  crystallization.  The  mixture  was  allowed 
to  cool  and  was  filtered  at  a  temperature  above  43°,  to  avoid  formation  of  the  hydrate; 
the  crystals  were  then  centrifuged  and  dried  in  an  electric  oven  at  105®  to  1 10®  for  several 
days  before  use,  on  account  of  their  extremely  hygroscopic  character.  Various  samples 
showed  upon  analysis  a  purity  of  99.6%  to  99.8%,  determined  by  titration  with  standard 
thiocyanate  solution. 

Solubility  determinations  at  temperatures  other  than  25®  were  made  in  ordinary 
Beckmann  freezing-point  tubes,  immersed  in  a  large  volume  of  water  at  the  desired 
temperature  and  stirred  until  equilibrium  was  reached.  The  various  invariant  temper- 
atures were  determined  in  the  same  apparatus.  Thermometers  were  calibrated  at  the 
freezing  point  and  boiling  point  of  pure  water  and  in  solid  carbon  dioxide,  which  was 
assumed  to  be  at  —78®. 

The  composition  of  the  various  phases  has  been  represented  in  weight 
per  cent,  on  the  familiar  triangular  diagram ;  the  vertex  representing  pure 
silver  perchlorate  is  indicated  by  the  letter  S,  that  for  water  by  W  and 
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that  for  benzene  by  B.  The  composition  of  any  point  within  the  triangle 
shows  the  percentage  of  salt,  water  and  benzene  by  its  perpendicular 
distance  from  the  sides  opposite  to  S,  W  and  B  respectively.  In  the  dia- 
grams following,  the  compositions  are  indicated  approximately,  and  not 
according  to  accurate  scale,  since  many  points  fall  so  close  to  the  sides 
of  the  triangle  as  to  make  tlieir  correct  representation  on  a  small  scale 
confusing  to  the  reader. 

The  Invariant  Equilibria  and  the  Monovariant  Equilibria. — Since 
the  gaseous  phase  .is  present  in  all  the  experiments  made,  4  additional 
phases  are  necessary  to  define  an  invariant  equilibrium,  or  3  to  define 
a  monovariant  equilibrium.  With  5  solid  phases  possible  and  3  liquids, 
the  number  of  such  equilibria  possible  is  naturally  very  large.  These 
are  of  course  not  all  realizable,  but  the  astonishing  thing  is  that  so  large 
a  number  of  them  are  actually  met  with  in  this  system.  For  convenience 
in  study,  a  list  of  such  equilibria  realized  and  studied  is  given  in  Table  III. 
The  symbol  Sh  is  used  for  the  hydrate  AgC104.H20,  Sb  for  the  compound 
AgC104.C6H6,  S,  W,  and  B  for  solid  salt,  ice  and  benzene,  and  La,  L2  and  Li 
for  the  3  liquid  phases.  The  numbers  and  letters  assigned  to  the  various 
equilibria  will  be  used  in  the  discussion  later. 

Tablb  III 
Invariant  and  Monovariant  Equilibria 
Quintuple  Point 

F  -58.4 

E  -57.8 

D  -  2.7 

C  H-  4.98 

B  -f  5.24 

A  H-42.1 

Equilibrium 

24 

23 

22  (3) 

21  (20) 

10 

18 

17  ri6^ 

15  (12) 

14 

13(8) 

11 

10 

9(7) 

6 

5 

4 

2 

1 


Sh 

H-  W  +  Sb  H- 

La 

W 

+  Sb  +  B 

+ 

La 

Sb 

+  B  -h  L3 

+ 

T^ 

Sb 

+  B  +  L2 

+ 

Li 

B 

+  U  +  U 

+  Li 

Sh 

H-  Sb  -f  S 

+ 

La 

Sh 

-h  W  +  Sb 

Sh 

H-  W  +  Ls 

Sh 

+  Sb  H-  L3 

W 

+  Sb  +  L, 

W 

+  Sb  +  B 

W 

-f  B  -f  Ls 

Sb 

+  B  +  Ls 

Sb 

+  B  +  Li 

Sb 

■h  U  +  U 

B 

+  Ls.H-  La 

Sb 

-h  B  -h  Li 

Sb 

H-  L2  +  L, 

B 

-h  La  -h  Li 

B 

+  La  +  Li 

U 

H-  La  +  Li 

Sh 

-f  Sb  +  S 

Sh 

+  S  +  La 

Sb 

+  S  +  L, 
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In  addition  to  these  6  invariant  and  18  monovariant  equilibria,  there 
are  17  divariant  equilibria  which  have  been  studied  (two  phases  and  vapor), 
and  8  trivariant  equiUbria  (1  phase  and  vapor);  these  latter  have  been 
realized  but  not  studied.  The  total  number  of  equiUbria  existing  in  this 
3-component  S3rstem  is  therefore  49. 

In  order  to  represent  these  equiUbria  a  triangular  prism  can  be  used. 
The  space  figiu-e  obtained,  however,  is  too  compUcated  for  simple  graphic 
representation.  For  that  reason  it  seems  best  to  follow  the  meUiod 
used  by  Schreinemakers,^®  in  which  the  various  invariant  and  mono- 
variant  equiUbria  are  shown  by  their  projection  upon  the  base  of  a  tri- 
angular prism  (Fig.  3),  and  the  changes  of  the  S3rstem  with  varying  tem- 
perature are  shown  by  isothermal  cross-sections  at  suitable  temperatures 
(Figs.  4  to  21). 

The  eutectic  for  the  complete  system  was  found  to  lie  at  —58.4*', 
which  temperature  is  represented  as  Quintuple  Point  F  in  Fig.  3.  The 
Uquid  phase  appearing  here  is  low  in  benzene,  and  the  composition  not 
widely  different  from  that  at  the  eutectic  temperature  for  silver  per- 
chlorate  and  water  alone,  —58.2°  (Table  I).  A  second  quintuple  point 
was  foimd  at  a  temperature  only  sUghtly  higher  than  that  of  Quintuple 
Point  F,  namely  at  —57.8®.  It  was  asstu-ed  by  the  low  temperature 
and  the  composition  of  the  Uquid  phases  at  the  point  F  that  ice  and  the 
hydrate  AgC104.HsO  were  present  as  soUd  phases,  but  the  third  soUd 
phase  could  not  be  directly  determined.  The  point  was  settled  by  ap- 
proaching the  quintuple  point  from  mixtures  of  different  total  composition. 
When  a  phase  complex  was  used  which  gave  the  equiUbrium  Sh  +  Sb 
H-Lj  (Equil.  22)  the  quintuple  point  of  lower  temperature  was  found. 
When  the  equiUbrium  W  +  B  +  Lt  (Equil.  18)  was  used  as  the  path  of 
approach,  the  higher  quintuple  point  was  fotmd.  This  established  that 
Sb  is  the  third  solid  phase  both  at  Quintuple  Point  F,  and  at  E  also.  At 
Quintuple  Point  F  (— 58.4°)  the  Uquid  phase  was  found  by  analysis  to 
contain  72.97%  of  silver  perchlorate.  The  benzene  content  could  not 
be  determined  by  the  method  previously  outlined,  though  it  was  found 
to  be  less  than  1.6%. 

With  the  composition  of  the  solid  and  Uquid  phases  determined,  it  is 
possible  to  write  the  phase  reaction  which  occurs;  using  the  system  of 
notation  previously   outlined,   it  becomes, 

Sh  +  Sb  +  W  7"^  U     (Quintuple  Point  F.  —68.4**) 

in  which  the  change  upon  addition  of  heat  is  written  from  left  to  right. 
At  this  temperature  there  begin  4  monovariant  equilibria,  of  which  1  exists 
at  lower  temperatiu*es  and  3  exist  at  higher  temperatures.  These  may 
be  designated  as  foUows. 

»  Schreinemakers,  Z.  physik,  Chem.,  25,  543  (1898). 
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BqnU. 

At  lower  temperatures Sh+W  +  Sb  24 

At  higher  temperatures Sh    +  W  +  Lt  23 

At  higher  temperatures Sh+Sb  +  I^  22. 

At  higher  temperatures. W     -f  Sb  +  Li  21 

In  Fig.  3,  the  approximate  position  of  the  quintuple  point  has  been  rep- 
resented by  F,  and  the  3  equiUbria  at  higher  temperatures  by  the  lines 
Fh,  FA  and  FE. 


Fig,  3. — Monovariant  equilibria  (4-phase)  in  the  system, 
AgClOi-CeHe-HjO. 

Equilibrium  24  represents  the  three  solid  phases  Sh,  Sb  and  ice  (W) 
in  contact  with  vapor,  of  which  only  the  latter  is  capable  of  varying  in 
composition.  Measiu^ements  of  vapor  tension  have  not  been  made  in 
the  study  of  this  system.  Equilibrium  23,  in  which  Sh,  W,  and  La  are 
present,  exists  only  over  a  short  temperature  range,  during  which  the  ben- 
zene content  L«  drops  from  an  initially  small  value  to  zero;  that  is,  the 
equilibrium  ends  at  the  binary  eutectic  for  salt  and  pure  water,  at  —  58. 2*^. 
The  composition  of  La  at  these  two  points  is  given  below,  tlie  benzene 
content  being  estimated. 

Equilibrium  23.         (Sh  +  W  -h  U) 

Temp.  AgClOi  C«Ha  HtO  Density 

**C.  %  %  % 

F -58.4  72.97  (0.6)  26.63 

h -68.2  73.98  0.0  26.02  2.345 

Equilibriiun  22  (hydrate,  benzene-compound  and  solution)  exists  over 
a  long  range  of  temperature,  from  —58.4  to  +42.1°,  at  which  latter 
temperature  (Quintuple  Point  A)  the  hydrate  changes  \o  anhydrous 
salt  and  solution.  Diuing  this  rise  of  temperature  there  is  of  course 
a  gradual  increase  in  the  s^^lt  cpncentralion  of  the  solution,  but  the  benzene 
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concentration  is  always  low,  as  represented  schematically  by  the  line 
FA.  Since  this  solubility  curve  presumably  parallels  very  closely  the 
solubility  curve  of  the  hydrate  in  pure  water  (Table  I),  it  was  not  thought 
worth  while  to  make  analyses  at  intermediate  temperatures.  The  compo- 
sition of  La  at  the  extreme  temperatures  for  this  equilibrium  is  as  follows. 


Density 

"C.  %  %  % 

F. 

A +42.1  87.12  0.70  12.18  2.956 

The  remaining  monovariant  equilibrium  beginning  at  the  eutectic 
is  Equilibrium  21  (W  +  Sb  +  La),  which  exists  over  but  a  short  range 
of  temperature,  coming  to  an  end  with  the  precipitation  of  an  additional 
phase,  solid  benzene,  at  the  invariant  temperature  —57.8°.  The  change 
in  composition,  with  respect  to  silver  perchlorate,  is  very  slight,  and  the 
change  in  benzene  concentration  is  likewise  small.  It  will  be  remembered 
that  all  benzene  concentrations  found  to  be  less  than  1 . 6%  are  given  only 
as  estimated  amounts. 


Equilibrium  22  (3). 

(Sn-fSB-f  L,) 

Temp.                 AgCI04 

C.H.                HjO 

%                    % 

-58.4            72.97 

(0.50)         26.53 

+42.1             87.12 

0.70           12.18 

Equilibrium  21  (20).     (W  +  Sb  +  Lt) 

Temp.                      AgClO*                      CeH. 

% 

-58.4                72.97                (0.50) 

26.53 

-57.8                72.85                 (1.00) 

26.15 

At  the  new  invariant  temperature  (Quintuple  Point  E)  the  composition 
of  the  liquid  phase  is  as  given  immediately  above.  The  appearance  of 
solid  benzene  from  a  system  consisting  of  ice,  solvate  and  solution,  as 
represented  by  the  points  W,  Sb  and  F  in  Fig.  3,  which  do  not  include  the 
point  B  in  the  triangle  joining  them,  can  be  expressed  only  by  the  following 
phase  reaction 

W  4-  Sb  7-»  B  +  La     (Quintuple  Point  E  -57.8**) 

and  the  monovariant  equilibria  beginning  here  are 


At  lower  temperatures. . 
At  higher  temperatures . 


Equil. 

W  +  Sb  +  L, 

20=21 

W  +  Sb  +  B 

19 

W  +  B    -f  L, 

18 

Sb  -f  B    -f  L, 

17  =  16 

The  two  equilibria  existing  at  lower  temperatures  require  no  discussion, 
as  Equilibrium  20  is  of  course  the  same  as  Equilibrium  21,  while  Equi- 
librium 19  contains  no  phase  of  variable  composition  except  vapor.  Equi- 
librium 18  exists  over  a  long  temperature  rise,  and  is  represented  by  the 
line  Ea,  which  runs  close  to  the  SW  axis  (i.  e.,  there  is  but  little  benzene 
in  the  solution)  and  terminates  at  the  eutectic  a  on  the  water-benzene 
axis,  which  is  at  0. 037 °.    Analyses  were  made  at  several  temperatures. 
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Equilibrium  18.    (W  -f  B  -f  Ls) 

Density 


Temp. 

AgC104 
% 

C«H« 

% 

% 

E 

-67.8 

72.85 

(1.00) 

26.15 

-50 

70.31 

(0.90) 

28.79 

-  7 

33.3 

(0.30) 

66.4 

a 

-  0.037 

0.0 

0.153 

99.84 

1.376 


Equilibrium  17,  represented  by  the  line  ED3,  represents  the  solution  in 
contact  with  Sb  and  solid  benzene  (B),  which  condition  can  exist  over  more 
than  50®  range,  ending  with  the  formation  of  a  new  liquid  phase  at  —2. 7®. 
This  constitutes  a  new  quintuple  point  having  two  liquid  phases  present, 
represented  by  Da  and  D2.    The  analyses  of  Ls  are  given  below. 

Equilibrium  17(16).  (Sb  -f  B  -f  I.3) 

Temp.  AgC104  C«Ha  HjO  Density 

**C.  %  %  % 

E -57.8  72.85  (1.00)  26.15 

-18  72.39  2.20  25.41  2.257 

D, -2.7  72.18  4.34  23.48  2.243 

It  will  be  seen  that  during  rise  in  temperature  there  is  no  substantia] 
change  in  the  salt  content  of  the  solution  Ls  but  that  the  liquid  takes  up 
benzene  rapidly,  so  that  its  composition  comes  into  the  region  where 
accurate  analyses  are  possible.  The  new  liquid  I.^,  having  its  origin  at 
the  invariant  temperature  —2.7°,  is  represented  by  the  point  D2  in  Fig. 
3,  and  is  widely  different  in  composition  from  L3.  Its  composition  falls 
within  a  triangle  drawn  connecting  the  points  Ds,  Sb  and  B,  from  which 
it  follows  that  L2  is  produced  by  reaction  of  the  other  three  phases. 

B  -f 'Sb  +  La  -^  L2     (Quintuple  Point  D,  -2.7°) 

AgC104  C«H6  HfO  Density 

%  %  % 

Composition  Li  72.18  4.34  23.48  2.243 

U  54.36  37.32  8.32  1.644 

At  Quintuple  Point  D  there  originate  four  monovariant  equilibria. 

BqoU. 
At  lower  temperatures Sb  +  B    +  Lj  16  =  17 

f  Sb  +  B    -f  Ls  15 

At  higher  temperatures j  Sb  -h  Ls  -f  Lj  14 

[  B    -f  La   -f  L,  13 

Of  these.  Equilibrium  16  is  of  course  the  same  as  17,  which  has  already 
been  discussed.  Equilibrium  14  represents  the  compound  Sb  in  contact 
with  the  two  saturated  solutions,  Ls  and  L2.  As  the  temperature  of  this 
system  is  raised,  Ls  is  found  to  decrease  in  salt  concentration  and  in  water 
concentration,  while  L2  imdergoes  exactly  the  opposite  changes.  The  two 
liquids  are  therefore  approaching  each  other  in  composition,  and  at  some 
temperature  will  become  consolute.    The  cousolute  temperature  was 
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easily  determined  to  be  10. 4^;  as  the  2  liqtiids  are  stirred  in  contact  with 
excess  salt  and  with  slowly  rising  temperature,  the  emulsion  which  is 
seen  at  lower  temperatures  passes  at  10.4^  into  the  critical  opalescence^^ 
which  is  characteristic  of  the  coalescence  of  2  liquids.  The  phenomenon 
is  less  sharply  marked  with  falling  temperatures,  since  in  the  latter  case 
the  precipitation  of  excess  salt  interferes  with  the  observation  of  the 
changes  in  the  liquid  phases.  The  changes  in  composition  are  indicated 
in  Fig.  3  by  the  2  lines  Dig  and  Dsg  and  were  found  by  analysis  to  be  as 
follows. 

Equilibrium  14.  (Sb  +  Li  +  Li) 
Temp.  AgC10«  C«Hs  HiO  Density 

•c.                                   %  %             % 

D,                -2.7               Lt 72.18  4.34  23.48  2.244 

D,                                          U 64.36  37.32  8.32  1.644 

g                  +10.4  Li  =  L, 64.02  22.72  13.26  1.876 

Kquilibritmi  13  (benzene,  Ls  and  Ls)  also  includes  2  liquid  phases  of 
variable  composition.  As  tlie  temperature  rises,  each  liquid  becomes 
lower  in  salt  concentration,  with  small  changes  in  concentration  of  benzene 
and  water,  until  at  5. 24**  a  third  liquid  phase  (Li)  appears.  This  is,  how- 
ever, not  the  next  quintuple  point  in  order,  but  is  one  occurring  at  a  higher 
temperature,  and  will  be  discussed  as  Quintuple  Point  B  a  little  later. 
The  composition  at  the  beginning  and  ending  of  this  equilibrium  has  been 
determined:  in  Fig.  3  the  two  lines  DjBg  and  D2B2  represent  the  same. 

EquiUbrium  13  (8).    (B  +  Lt  +  U) 

Temp.  AsC10«  CtRt  HiO  Density 

•c.  %  %  % 

D|                -2.7          Lt 72.18  4.34  23.48  2.244 

Dt                                   U 54.36  37.32          8.32  1.644 

B,                    5.24        U 70.30  1.60  28.1  2.141 

B,                                    Lt 52.02  35.30  12.68  1.532 

Equilibrium  15  represents  solution  1^  in  contact  with  the  compound 
Sb  and  with  solid  benzene.  It  may  be  viewed  as  the  continuation  of 
Equilibria  18,  17  and  14,  and  will  eventually  terminate  in  the  binary 
eutectic  for  salt  and  benzene  at  f ;  but  its  progress  is  again  interrupted 
by  the  appearance  of  another  liquid  phase,  which  has  already  been  re- 
ferred to  as  hi.  This  third  liquid  contains  but  little  salt  and  its  water 
content  is  never  more  than  a  very  few  tenths  of  1%.  The  appearance 
of  this  phase  occasions  another  quintuple  point  (C)  at  a  temperature  of 
4.98°.  It  is  to  be  noted  that  although  3  liquid  phases  are  existent  at  this 
temperature,  they  are  not  coexistent;  the  2  coexistent  liquids  at  the 
quintuple  point  are  I^  and  Li,  both  relatively  low  in  water;  if  the  water 
concentration  is  increased  at  this  temperature  Li  and  the  compound 
"  Rothmund,  Z.  physik  Chem.,  26, 446  (1898).  Ostwald,  "Lchrbuch  der  allgcmcin- 
en  Cbemie/'  (2nd  Edition),  W.  Enselmann.  Leipsic.  1903,  II,  2,  648. 
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Sb  will  eventually  disappear  and  Ls  will  appear,  giving  the  monovariant 
Equilibrium  13.  This  will  be  apparent  in  the  isotherm  for  4.98®,  given 
later.  The  data  for  Equihbrium  15  are  as  follows,  and  are  represented  by 
the  ciu^e  D2C2  in  Fig.  3. 

Equilibrium  16  (12).  (Sb  +  B  -f  L,) 

Temp.  AgClOi  C«Hs  HaO  Density 

•C.  %  %  % 

D, -2.7  64.36  37.32  8.22  1.644 

C +4.98  36.86  61.38  1.76  1.276 

It  is  to  be  noted  that  with  moderate  change  in  water  concentration 
there  is  relatively  large  change  in  salt  and  benzene  concentration,  which 
will  be  found  true  of  all  equilibria  represented  by  points  approaching 
the  benzene  vertex;  both  solubility  curves  and  distribution  curves  in  this 
part  of  the  diagram  nm  nearly  parallel  to  the  axis  Sb- 

At  the  temperature  +4.98°  the  new  Quintuple  Point  C  appears.  The 
composition  of  the  liquid  phases  is  as  follows. 


C,. 
Ci. 


A.ao, 

CaH« 

% 

HtO 

% 

Density 

u 

36.86 

61.38 

1.76 

1.276 

Li 

6.03 

94.71 

0.20 

0.923 

On  plotting  to  scale  the  positions  of  the  2  liquid  phases  and  the  2  solid 
phases  Sb  and  B  it  appears  that  Li  (represented  in  Fig.  3  by  Ci)  falls 
within  the  triangle  made  by  the  other  three,  whence  the  phase  reaction  is 
the  following. 

Sb  +  B  +  Lt  -^-^  Li    (Quintuple  Point  C,  +  4.98*') 
and  the  4  monovariant  equilibria  are 

Equil. 
At  lower  temperatures S     +  B    +  La  12  =  15 

Sb  +  B    +  Li  11 

At  higher  temperatures j  Sb  +  L2  +  Li  10 

B    +  La  +  Li  9  =  7 

Equilibrium  12  is  the  same  as  15,  previously  discussed.  Equilibrium 
10  is,  like  14,  marked  by  the  approach  of  the  two  liquid  phases  toward 
the  same  composition  as  the  temperature  rises,  but  it  has  not  been  found 
possible  to  determine  the  consolute  temperature.  It  is  at  least  slightly 
higher  than  25°,  as  will  be  shown  in  the  discussion  of  the  isotherm  at  that 
temperature,  but  the  tendency  of  the  2  liquids  to  form  very  permanent 
emulsions  is  displayed  for  several  degrees  lower:  the  opalescence  which 
appears  and  disappears  promptly  in  the  cases  of  Equilibria  14  and  5 
when  the  consolute  temperatures  are  reached,  is  found  to  exist  over  a  wide 
temperature  range  in  the  case  of  the  equilibrium  being  studied.  From  the 
fact  that  the  solubility  curve  for  silver  perchlorate  rises  very  sharply 
on  the  side  of  the  benzene-salt  axis  with  rise  of  temperature,  it  is  safe  to 
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estimate  that  this  consolute  temperature  is  not  higher  than  30**,  which 
temperature  will  be  adopted  provisionally.  Analyses  of  the  solutions 
have  been  made,  which  are  represented  in  Fig.  3  by  the  two  lines  Qn 
and  Cin. 

Equilibrium  10.  (Sb  +  Irj  -f  Li) 

Temp.  AgC104  C<H«  HaO  Density 

*C.  %  %  % 

C, 4.98          U  36.86  61.38            1.76  1.276 

Ci Li  5.03  94.71  0.20  0.923 

25.00          U  31.92  67.03            1.04  1.200 

L,  10.45  89.34  0.21  0.960 

n (30.00)         L2  =  L,  (25.00)  (74.0)  (1.00) 

Equilibrium  1 1  shows  the  solution  Li  in  contact  with  solid  benzene  and 
the  compound  Sb-  It  has  but  a  short  temperature  range,  and  ends  with 
the  disappearance  of  water  from  the  liquid  phase  at  the  binary  eutectic 
for  salt  and  benzene,  the  temperature  of  which  is  5. 12°.  It  is  thus  to  be 
looked  upon  as  the  prolongation  of  Equilibrium  10,  which  was  the  pro- 
longation of  Equilibria  15,  14  and  17,  which  latter  had  its  origin  at  the 
ternary  eutectic  E,  —57.8°.  The  curve  is  shown  as Ci  f  in  Fig.  3, and  the 
analyses    are    as    follows. 

Equilibrium  11.  (Sb  +  B  +  Li) 

Temp.  AgCl04  CeHi  H«0  Density 

^'C.  %  %  % 

Ci 4.98  5.03  94.77  0.20  0.923 

f 5.12  3.44  96.56  0.00  0.909 

Equilibrium  9  (benzene,  L2  and  Li)  continues  with  rising  temperature 
to  the  point  where,  with  increase  in  water  and  salt  content  in  Li,  the 
liquid  La  appears,  thus  constituting  the  fifth  quintuple  point.  The  changes 
are  represented  in  Fig.  3  by  the  two  lines  CiBi  and  C2B2,  and  the  compo- 
sition of  the  2  liquid  phases  (L2  and  Li)  is  given  below,  together  with  that 
of  the  third  liquid,  L3,  at  the  invariant  temperature  5.24°. 

Equilibrium  9  (7).  (B  -f  Li  -f  U) 

Temp.  AgCI04  C«H6  HtO  Density 

•'C.  %  %  % 

C, 4.98        Li  5.03  94.77           0.20  0.923 

C2 La  36.86  61.38           1.76  1.276 

B, 5.24        U  1.72  98.20          0.077  0.896 

B, U  52.02  35.30  12.68  1.532 

B, U  70.30  (1.6)  28.1  2.141 

At  the  new  quintuple  point,  5.24°,  the  4  phases  present  (with  vapor) 
are  solid  benzene,  Li,  L2,  and  L3.  When  the  composition  of  these  4  phases 
as  shown  above  is  designated  on  the  triangular  diagram,  no  one  of  them 
appears  within  a  triangle  constructed  upon  the  other  3;  but  a  line  con- 
necting the  benzene  vertex  with   L2,  v(B2B)  crosses  that  connecting  I4 
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and  LiCBaBi),  from  which  it  follows  that  the  phase  reaction  is  as  follows 
B  -f  Lj  "7^  U  +  Li  (Quintuple  Point  B,  5.24**) 
The  4  monovariant  equilibria  arising  at  this  temperature  therefore 
occiu-  in  groups  of  2  instead  of  groups  of  1  and  3,  and  are  as  follows. 

Equil. 

A*i  *  *  f  B     -f   Lj    -f   L,  8  =  13 

At  lower  temperatures <„      ,_.      ,,  __ 

I  li    +  Irj  -h  1^1  7  =  9 

A*u-  t,      *  *  J  B    +  Li   +  Li  6 

At  higher  temperatures <-      .    ^      ,.  « 

[  Ui  -t  1^  -r  Lt  o 

It  will  be  seen  that  Equilibrium  8  is  the  same  as  13,  arising  at  Quin- 
tuple Point  D,  and  7  is  the  same  as  9,  arising  at  Quintuple  Point  C,  only 
the  2  equilibria  which  lead  to  higher  temperatures  being  new.  Equilibrium 
6  (B  +  Li  +  La)  represents  the  freezing  point  of  benzene  in  equilibrium 
with  benzene-water  solutions  containing  salt,  and  obviously  must  have  its 
terminus  at  the  freezing  point  of  benzene  in  sattu-ated  water-benzene  so- 
lutions free  from  salt,  namely  at  5.40°.  The  movement  of  the  points 
representing  the  liquid  phase  is  given  in  Fig.  3  by  the  two  lines  BiC  and 
Bsi,  in  which  the  point  i  is  only  very  slightly  to  the  left  of  a.  The  value 
for  i  is  estimated  from  Fig.  2. 

Equilibrium  6.  (B  -|-  Li  -f  U) 


^o'JP- 

V 

% 

HtO 

% 

Density 

B, 

5.24 

La 

70.33 

(1.6) 

28.1 

2.141 

Ba 

L, 

1.72 

98.20 

0.077 

0.896 

5.30 

U 

70.24 

(1.5) 

28.26 

2.151 

U 

1.26 

98.67 

0.008 

0.880 

5.367 

U 
L, 

67.7 
0.56 

(1.0) 

31.3 

5.392 

U 

48.4 

(0.5) 

51.1 

1.643 

Li 

0.0 

99.94 

0.062 

0.875 

i 

6.40 

U 

0.0 

(0.12) 

99.88 

e 

U 

0.0 

99.97 

0.03« 

There  is  here  an  extremely  large  variation  in  the  composition  of  La 
with  a  comparatively  small  change  in  Li.  This  is  in  accord  with  the  fact 
that  the  lines  representing  the  2  liquids  are  distribution  curves,  in  which 
the  amount  of  salt  in  the  one  is  many  thousand  times  that  in  the  other; 
this  ratio  has  been  shown  to  be  as  high  as  46000:1  at  moderate  concen- 
trations.* The  measurements  of  this  distribution  at  25*^  have  been  made 
at  various  concentrations  and  appear  in  Table  V. 

The  equilibrium  under  discussion  involves  the  melting  point  of  a 
solid  (benzene)  in  presence  of  a  second  liquid  phase  (water)  and  in 
presence  of  a  third  component  (silver  perchlorate)  dissolved  in  the  2 
liquids.  The  conditions  governing  such  a  transition  point  have  been 
studied  by  Schreinemakers.*^  He  arrives  at  the  generalization  that  the 
"  Sohreinemakers,  Z.  physik.  Chetn.,  25,  305  (1898). 
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transition  point  of  a  solid  in  the  presence  of  a  second  (liquid)  component 
is  raised  by  a  third  component  if  this  latter  is  more  soluble  in  the  dilute 
than  in  the  concentrated  solution.  In  order  to  imderstand  this  generaliza- 
tion it  is  necessary  to  have  in  mind  Schreinemakers'  definition  that  the 
''dilute*'  solution  is  the  solution  containing  the  smaller  amount  of  the 
solid  component,  and  that  solubility  is  the  concentration  of  the  third 
component  per  unit  weight  of  the  third  plus  the  second,  or  liquid,  com- 
ponent. With  these  definitions  in  mind,  the  therorem  may  be  applied 
to  the  materials  of  Equilibrium  6,  in  which  5.40**  is  obviously  the  transi- 
tion point  of  solid  benzene  in  the  presence  of  a  second  (liquid)  component, 
water.  This  transition  point  should  be  raised  or  lowered  by  the  third 
component,  silver  perchlorate,  according  as  that  substance  is  more  soluble 
in  the  dilute  (benzene-weak)  solution  or  in  the  concentrated  (benzene- 
•rich)  solution.  Ls  is  obviously  the  dilute  solution.  The  concentration 
of  silver  perchlorate  in  this  phase  at  5.24^,  as  defined  above,  is  70.33  di- 
vided by  70.33  plus  28.1  (expressed  in  grams)  or  0.71,  while  in  Li  it 
amounts  to  1 .  72  divided  by  1 .  72  plus  0 .  077,  or  0 .  95 ;  that  is,  it  is  higher 
in  the  concentrated  solution  Li,  whence  it  would  follow  that  the  transi- 
tion temperatiu'e  should  be  lowered  by  addition  of  silver  perchlorate. 
Actually  it  is  lowered  from  5.40^  to  5.24**,  which  accords  with  the  re- 
quirements of  the  theorem.  In  this  connection  it  may  be  stated  that 
Schreinemakers*  exceedingly  valuable  generalization  would  be  much  less 
liable  to  misinterpretation  if  it  were  phrased  so  as  to  consider  solubility 
as  the  ratio  of  the  third  component  to  the  first  (or  solid)  component,  in 
which  case  a  rise  in  transition  point  would  be  required  when  the  salt  is 
more  soluble  in  the  concentrated  solution. 

Equilibrium  5,  remaining  for  discussion,  is  that  in  which  3  liquid  phases 
coexist.  It  appears  to  be  a  novelty  in  3-component  systems,  in  that  the 
other  case  studied  by  Schreinemakers,^®  namely,  succinic  nitrile,  ether 
and  water,  is  one  in  which  all  3  pairs  of  components  are  partially  miscible. 
giving  at  some  temperature  or  temperatiu"es  3  binodal  curves,  ^ose 
intersection  gives  rise  to  the  isothermal  invariant  system  of  3  liquids. 
In  the  case  here  fotmd,  however,  water  and  benzene  constitute  the  only 
pair  of  components  giving  2  liquid  phases  and  a  binodal  curve  at  any 
temperatixre  known,  either  above  or  below  the  limits  within  which  3 
liquid  phases  are  found.  A  discussion  of  this  phenomenon  will  be  given 
later. 

As  the  temperature  rises,  the  composition  of  Ls  and  Ls  in  equilibrium 
with  Li,  approaches  the  same  value  and  at  22.4**  the  2  phases  in  question 
coalesce.  The  temperature  is  in  this  case  very  sharply  marked,  and  the 
point  at  which  the  emulsion  gives  place  to  the  critical  opalescence  or  the 
reverse,  with  rising  or  falling  temperature,  can  be  determined  without 
error  of  more  than  0.1**.    If  stirred  above  the  temperature  of  22.4** 
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the  system  shows,  in  addition  to  the  layer  of  Li  floating  above,  a  single 
opalescent  layer  which  retains  its  opalescent  character  as  long  as  it  con- 
tains any  admixture  of  Li;  below  the  consolute  temperature,  L«  and  Lt 
separate  into  2  perfectly  dear  and  transparent  phases  in  the  course  of  a 
very  few  minutes.  The  compositions  of  the  3  liquids  are  given  below, 
and  the  curves  representing  the  direction  of  the  changes  are  represented 
in  Fig.  3  by  the  two  lines  B|b  and  B2b,  meeting  at  the  consolute  point  b, 
and  the  third  line  Bid,  ending  at  the  concentration  d  at  which  the  system 
ceases  to  be  monovariant. 

Eqtiilibrium  5.  (Li  +  Li  +  Li) 
Temp.  AgaOi  C«Hc  HaO  Density 

•c.  %  %  % 

B, 5.24        Li        70.30  (1.6)  28.1  2.141 

B, U        62.02  35.30  12.68  1.532 

Bi Li          1.72  98.20            0.077  0.896 

b 22.4          Ls  =  Lt64.4  18.2  17.4  1.894 

d Li           1.57  98.32  0.09  0.884 

The  sixth  and  highest  invariant  temperature  is  42. 1®  (Quintuple  Point 
A).  This  quintuple  point  occurs  as  the  result  of  a  change  in  the  mono- 
variant  system  Sh  +  Sb  +  I^  (Equilibrium  22),  which  has  its  origin  at 
the  eutectic  —58.4**  and  continues  over  the  interval  of  100®  with  but 
slight  change  in  composition  of  the  Uquid  layers.  It  will  be  remembered 
that  the  transition  point  of  the  hydrate  Sh  is  at  +43. 1**  (Table  I)  in  the 
presence  of  water  alone,  from  which  it  may  be  deduced  that  the  presence 
of  small  amounts  of  the  third  component,  benzene,  will  lower  the  tempera- 
ture of  its  change  into  the  anhydrous  compound.  By  the  use  of  cooling 
curves  it  was  rather  sharply  determined  that  this  change,  in  the  presence 
of  Lf,  is  at  42.1**,  only  a  degree  lower  than  the  transition  temperature 
in  presence  of  pure  water.  The  composition  of  the  liquid  phase  I^i  at 
this  temperatiu-e  falls  outside  the  triangle  joining  S,  Sb  and  Sh,  from  which 
it  follows  that  the  phase  reaction  is 

Sh  +  Sb  "7^  S  +  L*  (Quintuple  Point  A,  42.1") 
and  the  4  equilibria  are 

BquU. 
A*i          *            *  /Sh     +  Sb  +  S  4 

At  lower  temperatures \  Sh    +  Sb  +  L.  3-22 

A^u-t,*            *  JSH+S+Lt  2 

At  higher  temperatures <«        ,«      ,_  - 

Equilibrium  4  has  no  liquid  phase,  and  Equilibrium  3  has  been  discussed. 
Equilibrium  2  exists  over  a  range  of  only  1**,  terminating  at  the  transition 
point  of  the  hydrate  in  presence  of  water. 

Equilibrium  2.     (Sh  +  S  +  Lt) 

Temp.  AgC104  C«Ha  HiO  Density 

•c.  %  %  % 

A 42.1  87.1  0.7  12.2  2.966 

k 43.1  86.6  0.0  13.6 
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Equilibrium  1  also  terminates  at  a  transition  point,  that  of  the  compound 
Sb,  but  the  temperature  range  is  over  100®,  representing  the  large  extent 
to  which  the  transition  point  of  the  compotmd  is  lowered  by  the  presence 
of  water. 

Kquilibrium  1.     (vSb  -h  vS  -f  I.s) 

Temp.  AgClO*  CeH.  HtO 

''C.  %  %  % 

A 42.1  87.1  0.7  12.2 

100  84.4  7.3  8.3 

m 145  63.0  37.0  0.0 

Of  the  24  equilibria  originating  at  the  6  quintuple  points,  3  have  no  phase 
of  variable  composition  except  vapor  (24,  19,  4);  12  are  denoted  twice 
and  represent  6  equilibria  existing  between  quintuple  points  (22,  21,  17, 
15,  13,  9) ;  3  terminate  in  the  coalescence  of  2  liquid  phases  at  a  consolute 
temperature  (14,  10,  5) ;  4  end  at  the  3  binary  eutectics  and  the  quadruple 
point  for  benzene  and  water  (23,  18,  11,  6),  and  the  remaining  2  at  the 
transition  temperatures  of  the  hydrate  and  the  solid  Sb  (2,  1).  Mono- 
variant  equilibria  may,  therefore,  exist  over  the  range  of  temperature  be- 
tween -58.4®  and  145°. 

If  the  possibilities  as  to  types  of  invariant  and  monovariant  equilibria 
are  noted,  it  will  be  foimd  that  the  ternary  system  imder  discussion  af- 
fords an  instance  of  each.  For  invariant  equilibria  (vapor  being  asstmied 
present),  the  three  possibilities  of  type  are  S  S  S  L,  S  S  L  L,  and  S  L  L  L, 
where  S  denotes  a  solid  phase  and  L  a  liquid;  Quintuple  Points  F,  E  and 
A  are  of  the  first  type,  both  C  and  D  are  of  the  second,  and  B  is  of  the 
third.  For  univariant  equilibria  there  are  4  possibilities,  namely  S  S  S, 
S  S  L,  S  L  L,  and  L  L  L,  each  of  which  is  represented.  The  system  af- 
fords at  least  one  example  of  each  general  type  of  invariant  or  mono- 
variant  equilibrium  possible  for  3  components  with  3  liquids. 

The  Isotherms 

A  study  of  the  isotherms  representing  the  ternary  system  shows  an 
interesting  gradual  growth  in  complexity,  beginning  at  the  eutectic  tem- 
perature and  increasing  up  to  a  point  between  4.98°  and  5.12°,  above 
which  temperature  conditions  become  gradually  more  and  more  simple 
until  but  few  phase  complexes  are  possible.  These  progressive  changes 
will  be  shown  in  Figs.  4  to  21. 

At  temperatures  below  the  eutectic,  —58.4°,  there  can  exist  only 
solid  phases  in  equilibrium  with  vapor.  When  this  temperature  is  reached, 
however,  a  liquid  phase  can  exist,  the  composition  of  which  is  represented 
in  Fig.  4  by  the  point  a,  quite  close  to  the  line  SW,  since  the  benzene 
content  is  very  low.  The  triangles  marked  4  and  19  represent  mono- 
variant  equilibria  involving  no  liquid,  and  may  exist  at  temperatures 
below  or  above  —58.4°.    The  smaller  triangles,  21,  22,  and  23,  repre- 
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sent  equilibria  originating  at  —58.4°  and  continuing  only  at  higher 
temperatures;  if  a  phase  complex  of  total  composition  falling  within  one 
of  these  triangles  be  prepared,  it  will  fall  into  solution  of  the  composition 
a  and  two  solids  represented  by  the  other  two  angles  of  the  triangle. 

As  the  temperature  is  raised  slightly  above  the  quintuple  point  F, 
the  area  representing  the  solution  L3  becomes  larger,  spreading  out  in 
all  directions  imtil  at  the  temperature  —58.2°  it  touches  the  side  SW, 
thus  eliminating  the  triangle  Sh  +  W  +  Ls  and  setting  an  upper  limit 
to  Equilibrium  23.  Here  the  temperature  at  which  the  point  a  has  reached 
the  line  SW  represents  of  course  the  binary  eutectic  for  salt  and  water. 
At  slightly  higher  temperatures  the  liquid  area  takes  the  general  form 
a  b  c  d  as  shown  in  Fig.  5,  retaining  that  shape  until  the  temperature 
of  Quintuple  Point  E  is  reached,  at  —57.8°.  Here  the  phase  reaction 
previously  discussed  is  the  appearance  of  solid  benzene  as  a  new  phase, 
causing  the  elimination  of  Equilibria  19  and  21  and  the  appearance  of 
the  2  new  equilibria,  17  and  18. 


Fig.  4.— Isotherm  at  -58.  4°  (Quin- 
tuple Point  F). 


Fig.  5.— Isotherm  at  -57.8**  (Quin- 
tuple Point  E). 


As  the  temperatiu-e  is  further  raised,  there  are  but  slight  changes  in  this 
isotherm,  which  is  in  form  the  most  persistent  of  the  series;  over  a  rise 
of  about  55°  the  equilibria  are  those  shown  in  Fig.  5,  with  the  addition 
only  of  an  area  representing  solid  benzene  in  contact  with  Ls,  which  could 
be  shown  by  the  extension  of  the  point  c  into  a  line  acting  as  the  base  of 
this  triangle.  The  general  form  of  the  area  Ls  is,  therefore,  that  shown  in 
Fig.  6:  the  analyses  show  that  the  area  is  small,  and  that  it  does  not  ex- 
tend more  than  1  or  2%  in  the  direction  of  the  benzene  vertex  until  the 
next  quintuple  point  is  reached,  at  —2.7°.  At  the  point  f  is  shown  the 
approximate  location  of  the  newly  appearing  liquid  phase,  L2,  the  forma- 
tion of  which  brings  Equilibrium  17  to  an  end  and  divides  its  area  into 
those  of  the  3  equilibria  13,  14  and  15. 

As  the  temperatiu-e  is  raised  above  —2.7°,  the  nmnber  of  fields  in  the 
isotherms  increases  rapidly,  and  the  changes  occur  with  very  small  in- 
creases in  temperature.     Fig.  7  represents  conditions  at  a  temperature 
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slightly  above  this  quintuple  point.  The  point  f  of  the  previous  diagram 
has  widened  out  into  the  area  f  h  i  of  Pig.  7,  indicating  the  range  of  com- 
position which  the  unsaturated  solution  Li  may  have.  By  its  extension 
into  an  area  it  has  given  rise  to  several  new  equilibria;  e  f  g  h  represents 
an  area  of  conjugate  solutions,  for  every  point  in  which  there  should  be 
drawn  a  tie-line  joining  thejcomposition  of  Ls  with  that  of  its  conjugate 


Fig.  6.— Isotherm  at  -2.7 *  (Quintuple 
Point  D). 


Fig.  7.— Isotherm  above  —2.7*' 


solution  Ls.  The  isotherm  shows  6  isothermal  invariant  equilibria  indi- 
cated by  the  numbered  triangles,  6  isothermal  monovariant  equilibria 
consisting  of  a  solid  in  contact  with  a  liquid  and  indicated  by  the  shaded 
areas,  an  area  of  conjugate  solutions  e  f  g  h,  and  2  areas  of  unsaturated 
solutions,  La  and  La,  a  total  of  15  fields. 

Increase  in  temperature  produces  no  change  in  form  until  the  tempera- 
ture -0.037°  is  reached,  at  which  the  change  is  in  one  particular  only. 


Fig.  8.— Isotherm  at  -0.037° 


Fig.  9.— Isotherm  at  +4.98"*  (Quin- 
tuple Point  C). 


The  point  c  of  the  previous  isotherm  has  dropped  rapidly  until  as  shown 
in  Fig.  8  it  reaches  the  base  line  WB,  thus  terminating  Equilibrium  18 
(B  +  W  +  L3)  which  has  existed  from  —57.8°  up  to  this  temperature. 
The  area  W  d  c,  representing  ice  in  equilibrium  with  Lai  is  thus  reduced 
to  extremely  small  dimensions,  since  the  line  W  c  represents  only  the  low 
solubility  of  benzene  in  water    at  this  temperatiu'e,  namely   0.153% 
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(see  Fig.  2).  The  change  occurring  as  the  temperature  is  raised  through 
the  small  interval  to  0°  is  not  represented  by  a  drawing;  it  consists 
simply  in  the  fall  of  the  point  d  until  it  reaches  the  vertex  W.  Above  this 
temperattu'e  of  course  the  solid  phase  ice  does  not  appear. 

Isotherms  will  continue  to  follow  the  type  of  Fig.  8,  minus  the  small 
area  W  d  c,  until  Quintuple  Point  C  is  reached  at  +4.98®.     Here  the  con- 


Fig.  10.— Isotherm  above  4.98 


Fig.  11.— Isotherm  at  5.12**. 


ditions  will  be  as  shown  in  Fig.  9,  the  change  being  the  appearance  of  the 
third  liquid  phase  Li  at  the  point  k,  thus  terminating  Equilibrium  15 
and  apportioning  its  area  in  the  isotherm  to  the  3  new  equilibria,  11,  10 
and  9.  These  represent  the  new  benzene-rich  solution  in  equilibrium 
with  compotmd  and  benzene,  with  compound  and  L2,  and  with  L2  and  ben- 
zene respectively. 
Fig.  10  represents  conditions  at  a  slightly  higher  temperature,  at  which 


.^6 

Fig.  12.— Isotherm  at  6.24*  (Quintupk 
Points). 


Fig.  13.— Isotherm  above  6.24*. 


1^1  has  increased  its  dimensions.  Here  we  have  again,  as  in  Fig.  7,  the 
addition  of  new  equilibria  involving  a  solid  phase  and  its  saturated  solution 
of  varjring  composition  (Sb  ni  K  and  B  m  1)  and  also  the  appearance  of 
Li  and  La  as  conjugate  solutions  in  thef  area  1  n  i  k.  The  total  of  fields 
occurring  at  this  temperature  is  19,  w^ich  is  the  largest  number  met 
with  in  tihe  study  of  this  s)rstem.     It  is/  worth  noting  that  the  solid  com- 
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pound  Sb  can  at  this  temperature  be  in  equilibrium  with  any  one  of  8 
different  phase  combinations,  and  that  solid  benzene  may  be  in  equilibrium 
with  any  one  of  6,  as  shown  by  the  number  of  triangular  areas  originating 
at  Sb  and  B  respectively.  The  complexity  of  the  ternary  system  has 
thus  been  increasing  from  —58.4°  up  to  above  +4.98°;  beginning  at  the 
next  change,  which  occtu-s  at  5.12°,  the  relationships  become  more  and 
more  simple  with  rising  temperattu-e. 

At  5. 12°  the  area  of  unsaturated  solutions  Li(k  1  m)  has  extended  until 
it  touches  the  line  of  the  binary  system  salt-benzene,  eliminating  Equilib- 
rium 11;  m  in  Fig.  11  represents  the  eutectic  composition  for  that  pair 
of  components.  The  changes  which  now  begin  may  be  viewed  as  resulting 
from  the  fiulher  extension  of  Li(l  k  m),  which  occurs  in  such  fashion  as 
to  elimin'ate  several  equilibria  before  it  reaches  its  final  characteristic 
form.  The  point  m  moves  upward  slowly  and  downward  with  more 
rapidity,  generating  the  line  m  o  (Fig.  12).  The  point  1  moves  downward 
toward  the  line  WB,  this  movement  resulting  in  a  narrowing  of  the  short 


Fig.  14.— Isotherm  at  6.40°.  Fig.  15.— Isotherm  at  10.4 **. 

dimension  of  the  triangle  1  n  B  (Equilibrium  9)  together  with  a  movement 
of  n  toward  the  left,  since  1  and  n  represent  conjugate  solutions,  in  which 
higher  benzene  concentration  in  Li  is  accompanied  by  lower  benzene 
concentration  in  La.  The  movement  of  n,  which  reduces  the  triangular 
area  h  n  B,  continues  until  n  coincides  with  h.  At  this  point  the  2  tri- 
angles 1  n  B  and  h  n  B  are  reduced  to  the  dimensions  of  a  line,  h  1,  and  may 
be  regarded  as  having  disappeared;  1,  representing  a  particular  compo- 
sition of  Li,  is  therefore  conjugate  with  L2,  as  represented  by  the  point 
h,  and  with  L3  as  represented  by  the  point  g.  At  the  same  time  La  and  U 
must  remain  in  equilibrium  with  solid  benzene,  since  nothing  has  yet  oc- 
curred to  eliminate  that  equilibrium  (13).  There  are,  therefore,  3  hquid 
phases  and  1  solid  phase  in  equilibrium,  which  with  the  vapor  phase  con- 
stitute a  quintuple  point,  namely  Quintuple  Point  A  (5 .  24  °) .  Equilibrium 
13  of  the  preceding  diagram  may  .now  be  represented  as  split  up  into  the 
2  equihbria,  5  and  0,  originating  at  tliis  quintuple  point,  as  shown  in  Fig.  12. 


Digitized  by  VjOOQIC 


SILVER  P^RCHtORATB-WATER-B^NZENK  1 185 

At  a  temperature  above  5 .24®,  as  shown  in  Fig.  13,  the  point  1  will  have 
progressed  further  downward,  and  the  line  g  1  of  the  preceding  isotherm 
will  have  broadened  into  g  p  1  q,  the  area  of  conjugate  solutions  of  Li 
and  L3.  The  length  p  1  is  exceedingly  short  in  reality,  and  g  q  quite  long, 
since  in  all  of  the  distribution  curves  very  small  changes  in  Li  correspond 
to  very  large  changes  in  L3.  The  system  is  now  sHghtly  less  complex 
than  in  Fig.  10,  the  niunber  of  fields  having  been  reduced  to  18,  and  the 
simplicity  from  now  on  grows  rapidly.  Fig.  14  shows  conditions  at  a 
slightly  higher  temperatiu'e,  when  the  point  1  has  completed  its  migration, 
meeting  the  line  W  B  at  the  binary  quadruple  point  5.40°  (benzene, 
Li,  Li,  and  vapor).  Solid  benzene  can  henceforth  exist  in  equilibrium 
with  only  one  phase,  Li,  and  the  area  1  o  B  is  therefore  correspondingly 
small.  Equilibrium  6  has  been  eliminated  by  the  movement  of  1,  and  the 
area  of  conjugate  solutions  L3— Li  (c  g  p  1)  correspondingly  enlarged. 

Further  rise  of  temperatiu'e  of  0.08°  results  in  the  movement  of  the 
point  o  toward  B,  which  it  meets  at  the  melting  point  of  ptu-e  benzene. 


Fig.  16.— Isotherm  at  22.4**  and  above.  Fig.  17.— Isotherm  at  30**. 

5 .48°,  thus  removing  the  area  1  o  B,  but  resulting  in  no  other  qualitative 
change  in  the  isotherm.  Above  this  temperature  the  chief  change  is  the 
approach  of  the  points  f  and  e  toward  each  other,  representing  the  gradual 
approach  of  L2  and  Ls  toward  identical  composition.  At  10.4°,  the  con- 
solute  temperature,  the  isotherm  has  the  form  of  Fig.  15,  and  Equilibriiun 
14  (Sb  +  L3  +  L2)  is  terminated.  L3  and  L2,  therefore,  have  remained 
as  wholly  separated  areas  of  unsaturated  solution  only  from  —2.7°  to 
+  10.4°.  As  the  temperature  continues  to  rise,  the  points  h  and  g, 
representing  the  lower  limits  of  salt  concentration  in  conjugate  L3  and  L2, 
also  approach  each  other,  merging  in  the  point  g  of  Fig.  16  at  the  sharply 
defined  consolute  temperature  22.4°.  Equilibrium  5(L3  +  L2  +  Li) 
is  thereby  ended,  and  it  appears,  therefore,  that  three  coexistent  liquid 
phases  are  found  in  this  system  only  between  the  temperatures  5.24° 
and  22.4°.  It  is  noteworthy  that  this  equilibrium  does  not  show  the 
characteristics  of  the  3-liquid   system  studied   by  Schreinemakers,*®  in 
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which  the  areas  representing  the  pairs  of  conjugate  solutions  migrate 
toward  the  2-component  axes,  and  show  after  reaching  their  bases  the  usual 
form  of  3  binodai  ciuves.  In  the  present  system  only  1  binodal  curve 
can  be  shown  to  reach  its  2-component  axis,  namely  the  curve  c  g  i  k  1 
(Fig.   16). 

If  only  1  binodal  ciu^e  can  be  completely  established,  there  arises  the 
interesting  question  as  to  why  there  should  be  found  in  this  system  3 
completely  separated  areas  of  solution  at  temperatures  below  10. 4 '^ 
(Figures  9  to  15).  To  account  for  the  separation  of  the  total  area  of  so- 
lution into  2  parts  (Li  and  Ls)  is  a  simple  matter;  the  binodal  curve 
c  g  i  k  1  is  intersected  at  k  and  i  by  the  solubility  curve  a  b  i  k  m  at  low 
temperatures,  and  only  when  the  temperature  has  risen  to  30**  (Fig.  17) 
does  the  solubility  curve  rise  high  enough  to  escape  this  intersection. 
But  the  further  separation  of  the  liquid  area  into  La  and  La  at  tempera- 
tures below  10.4°  (Fig.  15)  requires  a  different  explanation.  The  sepa- 
ration cannot  be  due  to  a  second  intersection  of  the  2  curves,  although  the 
almost  perpendicular  section  of  the  solubility  curve  below  b  might  at  first 
suggest  such  an  intersection.  If  it  is  assumed  that  the  solubility  curve  does 
have  a  part  descending  far  enough  at  any  temperature  to  intersect  the 
binodal  curve,  it  must  be  granted  that  it  possesses  at  the  same  tempera- 
ture also  an  ascending  branch,  since  the  curve  must  rise  to  furnish  the 
upper  boundary  of  the  area  Ls-  If  this  loop  in  the  solubility  curve  exists, 
its  lowermost  point  must  rise  with  ascending  temperature,  since  the  loop 
is  wholly  absent  at  25°  (Fig.  16).  In  that  case,  it  must  on  ascending  pass 
through  the  binodal  curve  at  the  point  g  (Fig.  16)  at  a  lower  temperature 
than  that  at  which  it  reaches  the  point  e  (Fig.  15);  that  is,  La  and  U 
must  become  consolute  at  the  concentrations  of  point  g  at  a  lower  tempera- 
ture than  at  the  point  e.  But  the  experimental  facts  are  in  direct  opposi- 
tion to  this  conclusion;  coalescence  occurs  at  e  at  10.4°,  and  at  g  at  22.4°, 
the  difference  of  12°  being  beyond  the  possibility  of  experimental  error. 
It  follows  then  that  the  h3rpothesis  that  the  separation  of  -La  firom  Lj 
is  due  to  a  second  intersection  of  the  solubility  curve  and  the  binodal 
curve  is  contradicted  by  the  facts. 

The  rational  explanation  seems,  therefore,  to  be  that,  in  Fig.  15,  there  is 
a  second  closed  binodal  curve  e  g  h,  of  which  the  larger  portion  is  in  a  stable 
region  and  a  smaller  portion  in  the  metastable  region  below  the  binodal 
curve  g  h.  At  lower  temperatures  its  upper  portion  is  in  the  metastable 
region  above  the  solubility  curve  a  m,  as  shown  by  the  dotted  lines  in 
Figures  7  to  14.  The  closed  binodal  curve  may  be  assumed  to  have  its 
beginning  at  —  2 . 7°  (Fig.  6)  where  its  stable  part  is  limited  to  the  2  points 
f  and  e;  with  rising  temperature  it  suffers  a  contraction  in  the  horizontal 
dimension  and  its  position  in  the  diagram  moves  downward,  until  at  22.4° 
(Fig.  16)  it  has  moved  wholly  into  the  metastable  area  beneath  the  bi- 
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nodal  curve  c  k  1.  Since  its  area  becomes  rapidly  less,  it  may  be  assumed 
to  shrink  to  a  point  at  some  temperature  not  far  from  30®  (Point  g,  Fig. 
17),  above  which  temperature  it  no  longer  exists. 

This  hypothesis  of  a  completely  closed  binodal  ciuve  contradicts  no 
facts  observed  in  this  study,  and  is  supported  by  the  analytical  determi- 
nation of  some  of  the  points  which  make  up  its  stable  part  (Equilibrium 
14,  Fig.  12;  Equilibrium  5,  Figs.  9  and  11).  It  is  further  substantiated  by 
the  occurrence  of  a  similar  area  in  the  system,  a  silver  perchlorate-toluene, 
and  water,  which  is  now  being  studied  in  this  laboratory.  In  this  latter  case 
the  outlines  of  the  closed  curve  are  very  distinctly  recognizable.  Schreine- 
makers^'  has  postulated  the  existence  of  such  completely  closed  binodal 
curves  as  the  simplest  type  of  binodal  curve  but,  as  far  as  known  to  me, 
curves  of  this  character  have  not  previously  been  realized.  In  the  system 
under  discussion,  we  may  regard  the  curve  as  experimentally  demonstrated, 
.  although  certain  portions  of  it  are  in  the  metastable  region  and  are  there- 
fore not  realizable. 

The  occurrence  of  this  second  binodal  curve  is  of  coiu-se  something 
hardly  to  be  anticipated,  since  it  has  been  shown  that  only  1  of  the  3 
pairs  of  components  in  the  system  shows  2  liquid  phases.  It  is  to  be  re- 
called however  that  the  curve  for  the  system,  silver  perchlorate-benzene, 
(Fig.  1)  has  very  nearly  the  appearance  found  where  2  stable  liquids 
occur,  and  that  Alexejew^  has  found  the  occurrence  of  2  liquids  in  the 
metastable  region  for  a  pair  showing  a  like  form  of  curve.  In  the  case 
studied  by  me  the  2  liquids  have  not  been  found  in  the  metastable  region; 
but  it  may  be  held  that  the  addition  of  the  third  component,  water,  has 
further  accentuated  the  tendency  toward  the  formation  of  an  additional 
liquid  phase,  giving  rise  to  a  new  and  stable  liquid  phase  in  the  3-compo- 
nent  system. 

The  form  of  isotherm  shown  in  Fig.  16  is  still  existent  at  25**,  at  which 
temperature  a  complete  series  of  measurements  has  been  made,  covering 
the  solubility  ciu^e  a  m,  which  is  here  interrupted  over  the  short  distance 
i  k,  and  the  distribution  ciu^e  c  i  1.  The  measiu-ements  for  the  solubility 
ciuve,  which  are  given  in  Table  IV,  were  used  as  a  basis  for  calculating 
solubilities  at  all  other  temperatures. 

Within  certain  limits  of  compositions  of  solvent,  a  single  metastable 
solution  is  obtained — indeed,  cannot  apparently  be  avoided.  The  ex- 
periments numbered  18  to  23  are  of  this  character.  At  any  such  total 
composition,  the  liquid  should  break  down  into  Li  and  Lg  in  equilibrium 
with  AgC104.CeHe  (Equilibrium  10),  but  actually  such  solutions  remained 
unchanged  for  indefinitely  long  periods.  The  points  18  to  23  are,  however, 
in  no  sense  indefinite,  but  fall  fairly  well  upon  the  smooth  ctuve  with  no 
greater  error  than  found  in  the  experiments  with  the  stable  solutions. 
i<  Schmnemakers,  Z.  physik  Chem.,  22,  93  (1897);   23,  649  (1897). 
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Table  IV 

Soi<i;bii,ity  Curvb  a  m  at  26** 

No.        Point              AgaO« 

cai. 

HtO 

Density 

% 

% 

% 

Solid  Phase  AgC104.H,0 

1 

a               84.45 

0.0 

15.55 

2.806 

2 

84.28 

1.19 

14.53 

2.823 

Solid  phase  AgC104.H,0  +  AgClOi-C^H. 

3 

b              84.1 
Solid 

1.7 
phase  AgC104.CtJI« 

14.2 

4 

83.98 

1.68 

14.34 

2.806 

5 

83.93 

1.36 

14.71 

2.808 

6 

83.12 

1.56 

16.32 

2.747 

7 

81.30 

1.41 

17.29 

2.644 

8 

75.53 

7.75 

16.62 

9 

69.27 

15.81 

14.91 

2.103 

10 

65.69 

22.32 

11.98 

1.978 

11 

62.34 

27.84 

9.81 

1.871 

12 

62.01 

28.14 

9.85 

1.861 

13 

51.89 

43.18 

4.94 

1.662 

14 

46.80 

50.34 

2.86 

1.462 

15 

42.51 

55.53 

1.96 

1.358 

16 

35.20 

63.52 

1.28 

1.254 

17 

i               (31 .92) 

(67.03) 

(1.04) 

(1.200) 

18 

31.45 

67.64 

1.01 

1.197 

19 

25.40 

73.90 

0.70 

1.123 

20 

15.37 

84.29 

0.34 

1.021 

21 

14.65 

85.01 

0.34 

1.006 

22 

13.90 

85.82 

0.28 

1.000 

23 

10.65 

89.13 

0.22 

. . . 

24 

k              (10.45) 

(80.34) 

(0.21) 

(0.960) 

25 

9.56 

90.26 

0.187 

0.949 

26 

9.38 

90.45 

0.169 

0.9474 

27 

9.01 

90.84 

0.15 

0.9470 

28 

8.28 

91.60 

0.13 

0.9367 

29 

7.31 

92.58 

0.103 

0.9332 

30 

6.84 

93.08 

0.074 

0.9269. 

31 

6.18 

93.77 

0.504 

0.9221 

32 

5.96 

94.00 

0.0361 

0.9206 

33 

m                5.00 

95.00 

0.000 

0.906 

The  points  i  and  k  (Lines  17  and  24),  which  are  the  terminations  of  the 
areas  La  and  Li,  could  not  be  found  by  direct  methods,  because  of  the  forma- 
tion of  these  metastable  solutions.  The  points  are  placed  vrith  reasonable 
accuracy,  however,  as  the  points  of  intersection  of  the  solubility  curve  with 
the  distribution  curve  given  later  in  Table  V.  The  best  results  were  ob- 
tained by  plotting  the  concentration  of  silver  perchlorate  in  terms  of  nor- 
mality against  the  water  content  on  a  system  of  rectangular  coordinates; 
a  second  plot  of  the  water  content  against  the  observed  densities  gave  the 
density  at  the  point  of  intersection,  supplying  all  data  necessary  for  the 
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calculation.  Experiment  18  falls  upon  one  of  these  points  of  intersection 
within  the  probable  errors  of  the  determinations. 

The  curve  a  m  as  a  whole  has  several  points  of  interest.  If  the  solu- 
bility be  plotted  upon  a  system  of  rectangular  coordinates,  with  the 
concentration  of  silver  perchlorate  as  ordinate  and  the  percentage  compo- 
sition of  the  solvent  in  terms  of  benzene  and  water  as  abscissa,  a  straight 
line  joining  a  and  m  will  then  show  the  solubility  at  any  composition  cal- 
culated as  an  additive  function  of  its  solubility  in  the  pure  solvents.  The 
observed  solubilities,  however,  are  found  to  lie  far  above  the  straight  line 
throughout  its  course,  indicating  that  the  mixed  solvent  is  more  effective 
than  the  pure  components  in  any  and  all  ratios. 

The  solubility  curve  in  Fig.  16  shows  two  portions  which  deviate  from 
the  simple  curve  which  might  be  expected  to  join  the  points  a  and  m. 
There  is  a  short  section  which  runs  nearly  parallel  to  the  W  B  axis  (Ex- 
periments 1,  2,  3,  Table  IV)  followed  by  a  nearly  perpendicular  portion 
(Experiments  3  to  8).  The  curve  from  Experiments  9  to  30  is  practically 
a  smooth  curve,  giving  to  the  L3  area  the  general  shape  of  a  sickle. 

The  distribution  curve  c  i  k  1  has  also  been  studied  at  25®.  The  method 
consisted  in  weighing  the  components  into  a  smaU  cylinder,  rotating  at 
25°  until  equilibrium  was  established,  which  usually  required  less  than  an 
hour,  and  then  allowing  the  vessel  to  stand  until  the  2  phases  were  com- 
pletely clear,  which  sometimes  required  a  longer  period.  Samples  of  each 
phase  were  then  titrated  for  their  silver  content,  and  a  known  weight  of 
Li  rotated  with  a  weighed  quantity  of  silver  perchlorate  and  analyzed 
to  determine  the  benzene- water  ratio  as  explained  previously.  The 
volumes  of  both  phases  in  the  original  experiment  were  read  in  the  cali- 
brated cylinder,  so  that  the  water  and  benzene  content  of  the  phase  La 
was  known  by  subtraction  of  the  composition  of  Li  from  the  known  total 
composition.  The  method  of  differences  thus  used  leads  of  course  to 
noticeable  irregularity  in  those  experiments  in  which  the  benzene  concen- 
tration of  Lg  is  very  low.  The  following  table  gives  the  results  found. 
The  figures  in  brackets  were  found  by  graphical  interpolation. 

The  points  i  and  k  (Line  14)  were  obtained  by  interpolation,  as  explained 
m  Table  IV,  in  which  also  they  occur.  Experiment  15  represents  again 
a  metastable  condition;  in  this  case  the  solutions  were  supersaturated 
with  respect  to  the  solid  phase  AgC104.  CeHe,  since  the  points  faU  above 
the  solubility  curve.  There  are,  therefore,  two  kinds  of  metastability  realiz- 
able between  the  points  i  and  k  of  Fig.  16,  giving,  respectively,  the  meta- 
stable liquids  described  earlier,  which  should  fall  at  equilibrium  into  2 
liquid  phases  each  (supersaturation  with  regard  to  liquids),  and  the  meta- 
stable conjugate  solutions  of  Line  15  (supersaturation  with  respect  to  the 
solid  phase).  It  is  interesting  to  note  that  the  two  kinds  of  metastability 
have  not  occurred  simultaneously,  that  is,  all  points  have  fallen  normally 
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Tabi,«  V 

Thb  Distribution  Curvb  c  1  at  25° 

Conjugate  Solutions 

U 

U 

No. 

AgC104 

C«H« 

H«o 

Density 

A«go« 

<^ 

HiO 

Density 

% 

% 

% 

% 

% 

% 

1   c 

0.00 

0.08 

99.92 

.  .  . 

1       0.000 

99.96 

0.061 

. .  • 

2 

60.81 

(0.10) 

49.09 

1.628 

0.080 

99.91 

(0.06) 

0.869 

3 

69.30 

(1.00) 

39.70 

1.821 

0.062 

99.89 

(0.06) 

0.870 

4 

67.73 

1.06 

30.31 

2.060 

0.26 

99.69 

(0.06) 

0.873 

5 

70.62 

3.76 

25.72 

2.127 

0.77 

99.17 

0.06 

0.879 

6 

69.31 

11.17 

19.61 

2.071 

1.66 

98.37 

0.076 

0.881 

7 

60.06 

26.16 

13.78 

1.749 

1.59 

98.82 

0.090 

0.881 

8 

67.88 

30.74 

11.38 

1.653 

1.74 

. .  • 

• .  • 

0.882 

9 

64.22 

36.36 

9.42 

1.666 

1.85 

•  • . 

•  1  • 

0.882 

10 

46.96 

47.67 

6.47 

1.442 

2.90 

97.00 

0.0969 

0.891 

11 

41.74 

66.00 

3.26 

1.348 

4.28 

95.61 

0.119 

0.903 

12 

38.80 

58.62 

2.67 

1.296 

6.80 

94.05 

0.148 

0.916 

13 

35.28 

63.23 

1.49 

1.218 

8.42 

91.41 

0.168 

0.937 

14   i 

(31 .92) 

(67.03) 

(1.04) 

(1.200) 

k  (10.46) 

(89.34) 

(0.21) 

(0.960) 

16 

31.12 

68.06 

0.82 

1.162 

13.68 

86.13 

0.287 

0.983 

Upon  the  extension  of  the  solubility  curve  or  of  the  distribution  curve, 
and  not  within  the  area  between  them. 

The  distribution  curve  runs  very  dose  to  the  S  W  axis  up  to  a  concen- 
tration of  about  65%  of  silver  perchlorate;  that  is,  the  amount  of  benzene 
in  the  aqueous  layer  remains  small  until  the  salt  concentration  becomes 
very  high.  It  also  runs  very  dose  to  the  S  B  axis  up  to  about  35%  of 
silver  perchlorate,  showing  a  correspondingly  small  amount  of  water  in 
the  benzene  layer.  The  plait  point  of  the  curve  is  in  the  metastable  region 
between  i  and  k,  presumably  nearer  i  than  k.  As  a  result  of  this  one-sided 
location  of  the  plait  point,  the  tie  lines  for  the  conjugate  solutions  are 
steeply  inclined  toward  the  base  line  W  B  on  the  benzene  side,  which  ex- 
presses graphically  the  fact  that  the  distribution  of  silver  perchlorate  is 
largely  in  favor  of  the  aqueous  phase  Ls.  Investigation  of  this  distri- 
bution at  moderate  concentrations  of  salt  has  already  been  published:^ 
at  a  salt  concentration  of  2.4  iV  in  La,  the  ratio  of  salt  present  in  Lt  to 
that  in  Li  is  at  least  46000  to  1,  and  at  lower  total  salt  concentrations 
the  ratio  is  higher.  The  bearing  of  these  facts  upon  the  usual  views 
as  to  the  degree  of  dissodation  of  the  salt  in  water  has  been  pointed  out. 
When  the  salt  concentration  in  Ls  has  risen  as  high  as  59%  (Line  3),  the 
ratio  in  the  2  phases  is  still  as  high  as  1200  to  1. 

The  measurements  given  earlier  in  the  study  of  the  various  equilibria 
at  different  temperatures  indicate  that  the  distribution  curve  has  sub- 
stantially the  form  appearing  in  Fig.  16,  whether  the  temperature  be  high 
or  low;  that  is,  it  runs  close  to  the  S  W  and  S  B  axes  for  considerable  dis- 
tances, and  reaches  its  maximum  height  at  a  salt  concentmticHi  between 
60%  and  70%. 
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As  the  temperature  rises  above  25®  there  is  no  qualitative  change 
in;the  isotherm  imtil  the  temperature  is  reached  at  which  Equilibrium 
10  disappears  through  the  approach  of  the  points  i  and  k  to  identical 
composition,  as  shown  in  Fig.  17.  This  temperature  could  not  be  exactly 
determined,  but  is  not  far  from  30**.  The  point  i,  which  represents  the 
composition  of  the  consolute  solutions  at  that  temperatiure,  also  repre- 
sents the  plait  point  of  the  binodal  curve  c  1.  Above  this  temperatiu-e  we 
have  a  continuous  area  of  unsaturated  solution  extending  from  the  S  W 
axis  to  the  S  B  axis,  which  area  grows  larger  as  the  temperature  rises. 
At  42. 1  ®  the  last  quintuple  point  appears,  as  shown  in  Fig.  18,  resulting 
in  the  appearance  for  the  first  time  of  the  anhydrous  compoimd  AgClO* 
as  the  saturating  phase  in  contact  with  liquid,  thereby  terminating  Equi- 
libria 22  and  4  and  originating  the  new  equilibria  1  and  2.  Equilibrium 
22  has  had  an  existence  over  a  range  of  100®,  and  EquiUbrium  4,  con- 
taining no  liquid  phase,  over  an  indefinitely  large  temperatiu"e  range. 
Of  the  new  equilibria,  Equilibrium  1  is  but  short-lived  and  disappears 


Fig.  18.— Isotherm  at  42.1''  (Quintuple 
Point  A). 


Fig.  19.— Isotherm  at  43.1° 


at  43. 1®  with  the  final  disappearance  of  the  hydrate  as  a  stable  phase; 
Fig.  19  indicates  its  disappearance  at  the  point  a.  From  this  tempera- 
ture onward  the  changes  consist  in  a  gradual  rise  of  the  point  a,  representing 
the  solubility  of  anhydrous  salt  in  water,  and  a  much  more  rapid  rise  of 
the  point  m,  showing  the  rapid  rise  in  solubility  of  the  compound  Sb- 
With  these  movements  there  occurs  a  migration  of  the  point  b  toward 
the  axis  S  B,  giving  rise  (as  in  Fig.  20)  to  an  increasing  area  S  a  b  in  which 
the  anhydrous  salt  is  stable  and  a  diminishing  area  Sb  b  m  in  which  the 
compound  Sb  can  exist.  The  conditions  existing  at  100^  are  shown 
qualitatively  in  Fig.  20. 

The  continued  movement  of  the  point  b  brings  it  finally  to  the  line 
S  B  at  146**,  which  is  the  transition  point  of  the  compound  into  the  anhy- 
drous salt  The  points  m  and  b,  therefore,  meet  at  this  temperature. 
The  isotherm  is  shown  in  Fig.  21,  which  represents  the  conditions  existing 
at  all  higher  temperatures.    All  of  the  monovariant  equilibria  have  dis- 
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appeared,  and  no  others  can  be  assumed  to  appear  unless  the  salt  forms 
either  a  hydrate  or  a  benzene  compound  with  some  fractional  portion 
of  a  molecule  of  water  or  benzene;  this  is  rendered  improbable  by  the 
results  shown  in  Table  I  and  II.  It  appears,  therefore,  that  above  145** 
the  system  has  but  3  fields,  that  of  the  saturated  solution,  Sam,  that  of 
the  conjugate  solutions  boimded  by  the  binodal  curve  c  1,  and  that  of 
unsatiu^ted  solution,  a  m  1  c.  With  rise  of  temperature  the  solubility 
curve  a  m  rises  toward  the  apex  S,  which  it  should  reach  at  the  melting 
point  of  the  salt,  480°.  The  binodal  curve  presimiably  changes  its  position 
but  slightly.  It  is  of  course  highly  probable  that  other  less  simple  changes 
occur  before  the  temperature  of  480°  is  reached,  since  the  critical  tempera- 
tures of  both  water  and  benzene  are  lower  than  that  figure. 

We  are  thus  able,  from  these  isotherms,  to  form  an  accurate  picture 
of  the  conditions  existing  in  this  3-component  system  from  the  eutec- 
tic  temperature  —58.4°,  below  which  no  liquids  can  exist,  up  to  the 
melting  point  of  the  salt,  480°,  above  which  no  solid  forms  can  exist. 


Fig.  20.— Isotherm  at  100**. 


Fig.  21. — Isotherm  at  145®  and  above. 


Summary 

1 .  The  system,  silver  perchlorate-water,  has  a  eutectic  point  at  —  58 . 2  °, 
at  which  temperature  the  satiu^ted  solution  contains  73.9%  of  the 
silver  salt.  This  is  the  lowest  known  eutectic  for  a  true  salt  and  water. 
The  solubiUty  rises  to  88. 8%  at  99°. 

2.  The  eutectic  temperatiu-e  of  the  system,  silver  perchlorate-benzene, 
is  +5.12°,  and  the  solution  contains  3.44%  of  the  silver  salt.  The 
solubility  ciuve  rises  steeply  with  the  temperatiure,  almost  reaching  a 
perpendicular  form  between  50°  and  145°;  at  the  latter  temperature 
the  saturated  solution  contains  63.0%  of  silver  perchlorate.  Attention 
is  called  to  the  likeness  between  this  solubility  curve  and  those  which 
are  found  where  the  system  gives  rise  to  2  liquid  phases,  either  in  the  stable 
or  the  metastable  region. 

3.  The  hydrate  AgClOi.HsO  ha^  been  isolated    and    its   transition 
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point  fotind  to  be  43. 1®;  the  compotmd  AgClOi.CeH^  has  also  been  iso- 
lated and  its  transition  point  found  to  be  145**. 

4.  The  ternary  system,  silver  perchlorate-water-benzene  is  marked 
by  the  possession  of  6  realizable  invariant  equilibria,  and  a  large  number 
of  monovariant  equilibria,  affording  at  least  one  example  of  every  type 
of  equilibrium  theoretically  possible  for  a  ternary  system  containing  vola- 
tile components. 

5.  The  ternary  eutectic  representing  3  solid  phases,  solution  and  vapor 
is  at  —58.4°;  the  eutectic  of  highest  temperature  is  at  42.1°.  The 
course  of  the  24  monovariant  equilibria  originating  at  these  2  quintuple 
points  and  the  4  intermediate  quintuple  points  has  been  studied. 

6.  Isothermal  diagrams  have  been  constructed  to  show  the  various 
equilibria  existing  at  temperatures  between  —58.4°  and  +145° 

7.  Between  5.24°  and  22.4°,  3  coexistent  liquid  phases  can  be  pre- 
pared in  stable  equilibrium  with  each  other  and  their  vapor.  The  oc- 
currence of  two  separate  fields  of  tmsattu'ated  solution  is  explained  as 
due  to  the  intersection  of  the  solubility  ciu*ve  of  silver  perchlorate  with 
the  binodal  curve  representing  the  limited  solubility  of  benzene  and  water. 
The  occurrence  of  a  third  field  is  explained  as  due  to  the  existence,  be- 
tween —  2.7°  and  +30°  (approximately),  of  an  additional  closed  binodal 
curve,  which  does  not  extend  to  any  one  of  the  2-component  axes  at  any 
temperature.  It  appears  to  be  the  first  demonstrated  case  of  a  closed 
binodal  curve. 

New  York,  N.  Y.  

(Contribution  prom  the  School  of  Chemistry,  University  of  Minnesota] 

A    SIMPLE    METHOD    OF    ELECTROMETRIC    TITRATION    IN 
ACIDIMETRY  AND  ALKALIMETRY 

By  Paul  Francis  Sharp  with  F.  H.  MacDougall 

Received  November  29,  1021 

The  object  of  the  investigation  reported  in  this  paper  was  to  find  a 
number  of  constant  and  reproducible  electrodes  which  would  be  electro- 
motively  equivalent  to  hydrogen  electrodes  dipping  in  solutions  of  various 
known  concentrations  of  hydrogen  ion.  The  usefulness  of  such  electrodes 
will  be  at  once  apparent.  If,  for  example,  it  becomes  necessary  to  titrate 
an  unknown  acid  solution  to  an  end-point  which  shall  be  a  definite  hydro- 
gen-ion concentration,  the  half -cell  containing  a  hydrogen  electrode  and 
the  unknown  solution  is  connected  with  one  of  our  electrodes  and  alkali 
is  run  into  the  unknown  solution  until  a  galvanometer  indicates  a  zero 
e.m.f.  The  method  is  applicable  especially  to  all  cases  in  which  the  ti- 
tration is  carried  to  a  definite  hydrogen-ion  concentration,  or  more  gener- 
ally to  all  cases  in  which  the  correct  potential  difference  at  the  electrode 
in  the  solution  at  the  end  of  the  titration  is  known  in  advance.  ^ 
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After  we  had  practically  completed  our  investigation,  we  found  that 
Pinkhof^  had  constructed  various  cadmium  electrodes  with  the  same 
purpose  in  mind.  His  electrodes  cover  the  rtmge  of  hydrogen-ion  con- 
centrations from  10~*  to  10~^^  His  results  are  reproduced  in  Table  I. 
He  used  electrodes  which  were  11-13%  cadmium  amalgam. 

Tablb  I 

EXPSRIMSNTS  OF  PiNKHOF 

Potential  against  Equivalent  to  a  h}rdrogen 

Composition  of  electrode                 0.1  iV  KCl  calomel  electrode  in  a  solution  of 

solution                                       electrode  hydrogen-ion  concentration 
Salt                                                  N 

Cd(NO,)a 1.3  0.696  lO"' 

Cda, 0.1  0.764  10-' 

Cdl, 0.1    \  0.812  10-« 

KI 0.21  J 

Cdl. 0.01  1  0.870  10-» 

KI 0.6    J 

Cdl, 0.01  i  0.929  10-»» 

KI 1.06  J 

After  investigating  a  large  number  of  electrodes,  we  also  foimd  that  the 
cadmium  electrodes  were  the  ones  best  adapted  for  the  range  10  "•  to 
10 ~*^.  As  our  measurements  were  made  with  apparently  greater  ac- 
curacy, and  as,  in  addition,  we  found  suitable  lead  electrodes  for  the  range 
of  10~*  to  10"*,  we  feel  that  it  would  be  desirable  to  make  our  results 
available. 

The  reference  electrode  used  in  standardizing  oiu-  half-cells  was  the  A^ 
potassium  chloride  calomel  electrode  recommended  by  Lewis,  Brighton, 
and  Sebastian,*  who  give  0.2828  volt  at  25®  as  the  e.m.f.  of  the  combina- 
tion:  H2(l  atm.),  H+(M)  |1  KC1(0.1  M),  KC1(M),  HgCl,  Hg. 

The  results  given  in  Table  II  are  the  average  of  all  of  a  number  of  de- 
terminations, the  comparisons  being  made  against  at  least  4  different 
calomel  cells.  None  of  the  determinations  differed  from  the  averages 
given  in  the  table  by  more  than  0.0002  volt.  All  measurements  were 
made  with  cells  immersed  in  a  water-bath  kept  at  a  temperature  of  25°  =*= 
0.01^ 

The  mercury  used  in  this  work  was  purified  by  spraying  it  several  times  into  dil. 
nitric  add  and  then  distilling  it  under  reduced  pressure.  The  amalgams  were  12  to 
12.6%  of  lead  or  cadmium.  They  were  prepared  by  heating  the  weighed  materials  until 
solution  was  complete  and  then  filtering  the  liquid  while  hot  through  a  filter  paper  with 
a  pinhole  in  it.  The  calomel  for  the  reference  electrodes  was  prepared  by  electroljrsis  of 
approximately  2  N  hydrochloric  acid,  using  a  rotating  mercury  anode  and  a  small  plati- 
num wire  cathode.' 

1  Pinkhof ,  Chetn.  Weekhlad,  16,  1168  (1910). 
*  Lewis,  Brighton,  and  Sebastian,  This  Journal,  39,  2246  (1017). 
>  Lipscomb  and  Hulett,  ibid.,  38,  20  (1916).    Hulett,  Phys,  Rev.,  22,  47  (1906). 
Wolff  and  Waters,  Bur.  Standards  Reprint  Nq.  70  (1907). 
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Calomel  prepared  by  this  method  was  compared  with  calomel  obtained  by  precipita- 
tion, but  no  differences  greater  than  0.0002  volt  were  detected  in  cells  using  the  two 
kinds  of  calomel. 

The  potassium  chloride  was  of  c.P.  grade  and  was  recrystallized  several  times, 
although  no  difference  was  detected  between  the  cells  made  with  the  reoystallized 
material  and  those  made  with  the  c.p.  salt.  Lead  iodide  was  prepared  from  c.p. 
lead  acetate  and  potassium  iodide  and  washed  by  decantation.  Two  different  samples 
of  cadmium  sulfate  and  3  different  samples  of  potassium  iodide,  all  of  cp.  grade,  were 
compared  and  found  to  give  identical  results  within  the  limits  of  the  experimental  errors. 

All  salts  used  were  dried  at  500^  for  several  hotu^  and  preserved  in  tightly  stoppered 
bottles. 

To  simplify  the  preparation  of  the  electrode  solutions,  Col.  1  of  Table 
II  gives  the  number  of  cubic  centimeters  of  stock  solutions  of  0.5  A/^ 
cadmium  sulfate  and  2.0  AT  potassium  iodide  which  on  dilution  to  a  total 
voliune  of  100  cc.  will  give  an  electrode  solution  of  the  proper  concen- 
tration. 

As  several  of  the  common  proteins  have  their  iso-electric  point  near  a 
hydrogen-ion  concentration  of  10"*'^  an  electrode  was  constructed  corre- 
sponding to  this  concentration. 

Tabids  II 
ExPSRiMSNTAi,  Data 

Calculated  potential  of  hydrogen 
Electrode  solution  Potential  against        electrode  in  solutions 

Dilute  quantities  given  normal  calomel      of  indicated  hydrogen-ion 

to  total  volume  of  100  cc  electrode  concentration 

12-12.5%  Lead  amalgam  and  lead  iodide 


Cc, 

N 

Salt 

0.62 

2 

KI              0.6196 

0.6194 

10-* 

2.90 

2 

KI              0.6609 

0.6608 

io-«« 

6.14 

2 

KI              0.6786 

0.6786 

io-» 

67.60 

2 

KI              0.6378 

0.6377 

io-« 

12-12.6%  Cadmium  amalgam 

100.00 

0.6 

CdSOi   \   0.6967 
KI         / 

0.6968 

io-» 

0.20 

2.0 

10.00 

0.6 

CdS04   \   0.7660 
KI 

0.7660 

io-« 

10.14 

2.0 

100.00 

0.6 

CdSOi   \   0.8160 
KI        / 

0.8161 

io-» 

26.40 

2.0 

2.00 

0.6 

CdSO*   \   0.8742 
KI         / 

0.8743 

io->' 

48.70 

2.0 

Experimental  Arrangements 

The  .apparatus  and  method  of  use  are  indicated  in  Fig.  1.  It  may  be 
sufficient  to  state  that  B  is  a  dipping  hydrogen  electrode  of  the  Hilde- 
brand*  t)rpe.  Siphon  C  and  Vessel  D  contain  saturated  potassium  chlo- 
ride. The  liquid  to  be  titrated  is  placed  in  the  beaker  A.  Siphon  P  and 
vessel  G  contain  the  electrode  solution.  Through  merciuy  in  the  glass 
*  Hildebrand,  This  Journai.,  35,  847  (1913). 
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tube  H,  connection  is  made  by  means  of  a  platinum  wire  with  the  lead  or 
cadmium  amalgam  at  the  bottom  of  the  electrode  vessel  G. 

Summary 

Employing  electrodes  of  lead  amalgam  and  of  cadmium  amalgam, 
the  authors  have  prepared  a  series  of  half-cells  which  are  clectromotivdy 
equivalent  to  hydrogen  electrodes  in  contact  with  solutions  in  which  the 
hydrogen-ion  concentrations  are,  respectively,  10"*,  IQ-*-^,  10~*,  10"*, 
l6-^  10-8,  10-9,  10-10. 
Minneapolis,  Minnesota 


[Contribution  prom  the  Chemical  Laboratories  op  thb  Ohio  State  UnivbrsityI 

MEASUREMENT  OF  SOLUBILITY  BY  FLOATING  EQUILIBRIUM. 
THE  SOLUBILITY  OF  LEAD  ACETATE 

By  Merle  L.  Dundon  and  W.  E.  Henderson 

Received  December  5,  1021 

Introduction 

It  has  been  shown  by  Richards  and  Shipley^  that  a  small  glass  float 
of  suitable  size  and  shape,  completely  immersed  in  a  liquid,  is  sensitive 
to  very  small  changes  in  the  density  of  that  liquid.  They  have  applied 
this  principle  to  the  quantitative  analysis  of  solutions  and  to  the  calibra- 
tion of  thermometers. 

Lamb  and  Lee^  have  by  a  sUghtly  diflferent  procedure  measured  the 
density  of  various  solutions  with  an  accuracy  of  one  part  in  the  seventh 

1  Richards  and  Shipley,  This  Journal,  34,  599  (1912);  .16, 1  (1914). 
«  Lamb  and  Lee.  ibid.,  35,  1666  (1913). 
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decimal  place.  Their  float  consisted  of  an  inverted  250cc.  flask  with  an 
iron  rod  sealed  within  it.  The  densities  were  determined  by  weights 
added  to  the  sinker  together  with  measurement  of  the  current  in  an  elec- 
tromagnet placed  below  the  float  and  necessary  to  cause  the  latter  to  sink. 

For  some  time  in  this  laboratory  the  same  general  principle  has  been 
applied  to  the  measurement  of  the  solubiUty  of  a  salt  at  various  tempera- 
tures. The  method  that  has  been  developed  consists  in  adding  a  known 
weight  of  solvent  to  a  satiu^ted  solution  of  unknown  concentration,  until 
the  solution  attains  the  same  density  as  a  glass  float  calibrated  at  a  definite 
arbitrary  temperatiwe.  The  density  of  the  float  used  is  made  less  than 
the  density  of  the  most  dilute  solution  to  be  analyzed,  so  that  it  will  always 
be  necessary  to  add  solvent  to  any  imknown  sample  to  bring  it  to  the  den- 
sity of  the  float.  It  is  evident  that  for  a  given  float  and  at  a  fixed  tempera- 
ture, the  percentage  of  solid  in  the  equiUbrium  solution  of  any  given  solute 
is  constant.  Therefore,  the  weight  of  solute  in  a  given  sample  of  tmknown 
concentration  is  obtained  by  first  bringing  the  solution  to  the  same  density 
as  the  float  and  then  multiplying  the  weight  of  the  resulting  equilibrium 
solution  by  that  fraction  which  it  is  known  from  the  calibration  of  the 
float  to  contain.  From  the  weight  of  salt  obtained  in  this  way  and  the 
weight  of  sample  taken  the  solubiUty  can  be  calculated  with  ease. 

Purpose  of  This  Investigation. — ^The  purposes  of  the  work  herein 
described  were  (1)  to  study  the  method  of  determining  solubilities  by 
floating  equiUbrium,  and  (2)  to  determine  accurately  the  solubiUty  of 
lead  acetate,  Pb(C2H802)2.3H20,  over  a  definite  range  of  temperature. 

Experimental 

Preparation  of  the  Pure  Salt. — A  commercial  c.  p.  lead  acetate  was  recrystallized 
twice  from  distilled  water  made  distinctly  acid  with  acetic  acid.  Residues  obtained 
during  the  investigation  were  recrystallized  in  the  same  way  and  used  again.  Qualita- 
tive tests  for  impurities  gave  negative  results  when  applied  to  the  prepared  salt.  The 
crystals  were  usually  filtered  from  the  mother  liquor  on  a  Buchner  funnel,  washed  once 
with  boiled,  distilled  water  and  kept  in  a  glass-stoppered  bottle  from  which  separate 
portions  were  used  from  day  to  day.  In  order  to  determine  whether  the  crystals  ob- 
tained were  really  the  hydra  ted  normal  acetate,  Pb(C»H302)2.3H20,  a  sample  was  very 
carefully  dried  and  analyzed  as  follows.  A  current  of  washed  air  was  drawn  through  a 
tube  of  partially  dehydrated  crystals  and  then  through  the  sample  to  be  dried.  In 
this  way  the  loss  of  any  water  of  hydration  and  the  formation  of  any  basic  salt  were  pre- 
vented. The  dried  sample  was  weighed  in  a  platinum  crucible,  dil.  sulfuric  acid  added 
and  the  crucible  placed  in  an  oven  at  110°  imtil  the  water  and  acetic  acid  were  removed. 
The  resulting  lead  sulfate  was  freed  from  sulfuric  acid  by  heating  to  a  bright  red  heat  in 
an  electric  furnace.  From  the  weight  of  lead  sulfate  the  equivalent  weight  of  lead  ace- 
tate was  calculated,  all  weights  being  reduced  to  the  vacuum  basis.  The  results  of  three 
anal3rses  are  as  follows:  weights  taken,  1.0827, 1.2933  and  1.1673  g. ;  weights  calculated 
from  analysis,  1.0827,  1.2936  and  1.1674  g. 

Calibration  of  the  Float. — A  cigar-shaped  float  was  made  from  a  piece 
of  ordinary  soft  glass  tubing  and  approximately  the  desired  density  ob- 
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tained  by  sealing  within  it  a  small  globule  of  mercury.  The  density 
was  made  slightly  less  than  that  of  the  saturated  solution  of  lead  acetate 
at  0°.  This  float  was  then  carefully  calibrated  as  follows.  Two  separate 
samples  of  solution  of  about  250  cc.  each  were  very  carefully  brought  to 
floating  equilibrium  at  25°.  Two  samples  of  each  were  pipetted  into  a 
platinum  crucible  in  a  glass-stoppered  weighing  bottle  and  weighed. 
Sulfuric  add  was  then  added,  the  solution  evaporated  in  an  oven  and  the 
lead  sulfate  ignited  to  a  bright  red  heat  in  an  electric  furnace.  The  re- 
sults are  given  below  with  weights  reduced  to  a  vacuum.  The  last  two 
columns  are  expressed  in  terms  of  anhydrous  salt. 

PbAci  PbAci  in 


nple 

Wt.  of  soln. 

PbSO* 

calQulated 

solution 

O. 

O. 

O. 

% 

1 

19.5958 

3.0020 

3.2198 

16.431 

2 

16.3442 

2.5025 

2.6841 

16.422 

3 

18.2169 

2.7891 

2.9915 

16.421 

4 

18.3582 

2.8110 

3.0151 

16.423 

The  avers^e  of  the  last  three  values,  which  check  very  closely,  is  16 .  422% 
and  was  the  value  selected  to  represent  the  floating  equilibrium  solution. 

Apparatus  and  General  Method. — ^A  large  thermostat  which  could 
be  regulated  to  0 .  01  °  was  kept  at  25  **  and  was  used  in  bringing  the  solution 
of  unknown  concentration  to  floating  equilibrium.  The  thermometer 
used  was  graduated  in  tenths  of  a  degree  and  had  been  checked  by  the 
Bureau  of  Standards. 

Sattu^tions  were  attained  in  a  10-liter  thermostat  which  could  be 
regulated  to  about  0.02°.  The  following  general  procedure  was  used. 
An  excess  of  crystals  roughly  weighed  was  put  into  a  flask  with  boiled, 
distilled  water  and  the  solution  was  stirred  with  a  small  propeUer-shaped, 
motor-driven  stirrer.  The  temperattu'e  was  kept  for  a  few  minutes  from 
0.5°  to  3.  °  higher  than  that  desired  and  then  stirring  continued  at  a 
constant  temperattu'e  for  about  20  hours.  At  least  two  samples  were 
taken  for  float  tests  at  intervals  from  1  to  3  hours  apart  and  one  for  a 
gravimetric  test  within  that  time.  Gravimetric  tests  were  made  in  the 
same  way  as  in  the  calibration  of  the  float. 

In  making  a  determination  by  the  float  method  a  lOOcc.  glass-stoppered 
weighing  bottle  was  used,  and  a  stirrer  was  made  for  it  by  bending  a  loop 
on  the  end  of  a  smaU  glass  rod.  The  float  and  stirrer  were  placed  in  the 
weighing  bottle  and  the  whole  apparatus  weighed.  The  solution  for 
analysis  was  pipetted  into  the  bottle  with  a  warm  pipet  and  the  weight 
again  taken.  In  case  the  temperature  of  the  unknown  solution  differed 
much  from  that  of  the  room,  this  sample  was  placed  in  a  desiccator  for  some 
time  before  weighing.  The  stopper  was  removed,  water  was  added 
rapidly  imtil  the  solution  began  to  approach  the  density  of  the  float, 
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and  the  open  bottle  was  then  placed  in  a  thermostat  regtilated  at  25^. 
After  sufficient  time  for  the  temperature  to  become  constant,  water  was 
added  a  drop  at  a  time  from  a  capillary  pipet  with  constant  stirring  until 
floating  equilibrium  was  reached.  The  end-point  was  considered  to 
be  that  point  at  which  the  float  would  just  sink  when  suspended  in  the  so- 
lution. It  could  be  determined  within  one  small  drop  of  water.  If  the 
end-point  was  passed,  solvent  was  removed  by  blowing  a  current  of  dry 
air  over  the  surface  for  a  few  minutes.  The  bottle  containing  the  equi- 
libritun  solution  was  then  stoppered,  wiped  carefully  with  a  piece  of  clean 
cheese  doth,  and  weighed.  Before  weighing  it  was  placed  in  a  desiccator 
for  about  10  minutes.  In  a  typical  analysis  of  a  solution  saturated  at 
20°  the  vacuum  weight  of  the  solution  taken  was  41.0925  g.,  and  that 
of  the  equilibrium  solution  was  76. 7818  g.  The  salt  content  of  the  equi- 
librium solution  as  shown  by  the  calibration  of  the  float  was  16.422%. 
76,7818  X  0.16422  »  12.6091  g.  of  Pb(CiHtOi)i  in  41.0925  g.  of  solution. 

12  6091 

-  30.684  %  Pb  (CiH,Os)t  in  the  solutioo. 


41.0925 
12.6091  X  100 


44.268  g.  of  Pb(CsHiOs)i  in  100  g.  of  water. 


41.0926-12.6091 

The  data  obtained  on  the  solubility  of  Pb(CtH»08)2.3H20  and  the  den- 
sities of  the  saturated  solutions  are  given  in  Table  I.  All  weighings  were 
reduced  to  a  vacuum  basis  by  the  method  given  in  Circular  19  of  the 
Bureau  of  Standards.  Densities  obtained  from  standard  tables  were 
used  as  follows:  Pb(CtH,08)i.3H20,  2.5;  PbS04,  6.23.  Densities  of 
solutions  were  determined  by  weighing  the  volume  contained  in  a  Ice. 
pipet.    For  the  equilibrium  solution  the  value  was  1. 13. 

Tabi3  I 
Soi^UBOjTY  OF  Pb(CtHiOi).dHsO  p«r  100  Grams  of  Watbr 
Expressed  in  teims  of  anhydrous  salt 


Density  of 

Temperature 

Float  method 

Gravimetric  method 

solution 
saturated 

•C 

a 

a 

0.10 

19.84 

19.82 

1.14 

0.20 

19.93 

.... 

, , 

10.00 

29.46 
29.38 

29.37 

1.195 

15.00 

35.84 
35.81 

35.82 

1 .22(iutcrp.) 

20.00 

44.27 

44.25 

1.26 

44.24 

.... 

26.00" 

55.195 

55.21 

1.33 

30.02 

69.95 
69.92 

69.95 

1.41 

35.04 

88.96 

89.01 

1.48 
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Table  I  (continued) 


Density  of 

saturated 

Tempcrattire 

Float  method     Gravimetric  method        solution 

•c. 

G. 
89.05 

G. 

40.07 

116.69 
116.73 

116.55 

1.60 

45.10 

155.71 
155.66 
155.66 

155.49 

1.73 

50.14 

221.44 
221.14 

220.27 

1.88 

60.14«  (Next  day)    222.42 

*  See  discussion  under  behavior  of  lead  acetate  in  neutral  solution. 

Table  II 

Thb  SoLUBaiTV  OP  Pb(CjH«Oi)t.3HiO  As  Takbn  prom  a 

CURVB  PlOTTBO  prom  THE 

Valubs  in  Tablb  I 

AND  EXPRBSSHD  IN 

Terms  op  the  Anhydrous  salt 

Temperature 
•C. 
0 

Grams  per  100  g. 

of  water 

Per  cent,  solution 

19.7 

16.5 

5 

23.7 

19.4 

10 

29.3 

22.8 

15 

35.6 

26.4 

20 

44.3 

30.7 

25 

65.2 

35.6 

30 

69.7 

41.1 

35 

^ 

88.9 

47.1 

40 

116.0 

53.7 

45 

153.0 

60.7 

50 

221.0 

67.6 

Conclusions  in  Regard  to  the  Float  Method. — From  the  results  ob- 
tained we  can  safely  say  that  analyses  by  the  float  method  can  easily 
be  made  to  check  within  0.1%  without  taking  extraordinary  precautions. 
With  as  soluble  a  salt  as  lead  acetate  the  change  of  solubiUty  with  tempera- 
ture is  so  great  that  slight  variations  in  the  temperature  of  saturation  have 
a  large  effect  upon  the  concentration  of  the  solution.  For  example, 
at  35°  a  change  of  0.02°  corresponds  to  a  change  of  solubility  of  about 
0.1%.  Thus  it  seems  probable  that  in  this  work  the  method  of  analysis 
was  much  more  accurate  than  the  attainment  of  solubility  equilibria. 
The  attainment  of  floating  equilibrium  is  a  process  capable  of  great  exact- 
ness, and  if  we  assume  that  density  under  standard  conditions  is  a  true 
measure  of  concentration,  as  it  undoubtedly  is  in  most  cases,  then  the 
accuracy  of  this  method  of  analysis  is  determined  largely  by  two  factors, 
thermostat  regulation  and  weighing  in  a  large  glass  vessel.  If,  however, 
the  weighings  are  done  with  great  care  such  errors  will  be  less  than  the 
weight  of  the  last  drop  used  in  bringing  the  solution  to  equilibrium.    The 
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average  weight  per  drop  as  we  worked  was  0.035  g.  (added  to  about  40 
g.  of  solution).  For  the  best  results  the  density  of  the  float  should  be 
such  that  the  weight  of  solution  taken  for  analysis  is  about  the  same  as 
the  weight  of  solvent  to  be  added.  This  will  minimize  errors  in  weighing. 
The  larger  the  volume  of  the  equiUbrium  solution  the  more  accurately 
the  end-point  can  be  reached;  but  a  very  large  volume  is  more  difficult 
to  weigh  with  precision.  From  50  to  75  g.  of  equilibrium  solution  is  a  very 
satisfactory  quantity.  Care  must  be  taken  that  bubbles  of  air  do  not 
cling  to  the  float,  and  in  determining  an  equiUbritun  the  float  must  be 
pushed  into  the  center  of  the  solution  as  it  clings  to  the  upper  siuiace 
with  great  tenacity. 

The  time  necessary  for  a  complete  analysis  is  determined  largely  by 
the  time  required  for  weighing.  With  some  practice  the  float  can  easily 
be  brought  to  equiUbrium  within  15  minutes.  Altogether  the  method  is 
capable  of  considerable  speed  and  accuracy. 

In  woridng  with  a  substance  which  can  readily  be  obtained  in  a  pure 
form  the  float  may  be  calibrated  most  easily  by  weighing  directly  the 
pure  substance  and  the  resulting  equiUbritun  solution  which  is  obtained 
by  adding  the  solvent. 

The  Behavior  of  Lead  Acetate  in  Solution. — ^The  value  for  the  solu- 
biUty  of  normal  lead  acetate  which  seems  to  us  most  accurate  is  that 
given  by  Jackson.'  He  worked  only  at  25°,  and  in  a  study  of  the  basic 
acetates  of  lead  by  interpolating  the  curve  across  the  neutral  point,  ob- 
tained the  value  for  the  normal  salt.  His  value  is  35.5%,  or  55.05  g. 
per  100  g.  of  water.  The  only  other  value  of  any  importance  which  we 
have  found  is  that  of  Osaka  and  Hara*  who  determined  the  solubiUty 
in  dil.  acid  solutions  and  extrapolated  to  neutral  solution.  Their  value 
at  25°  is  54.38  g.  per  100  g.  of  water. 

From  12  gravimetric  analyses  on  4  different  solutions  we  obtained  the 
average  value  55.21.  After  the  values  at  other  temperatures  had  been 
obtained  we  returned  to  25°,  and  on  a  solution  of  carefully  prepared 
crystals,  two  float  tests  checked  at  55.46  which  is  considerably  higher 
than  before.  Some  weU  formed  crystals  were  then  very  carefully  washed 
and  immediately  placed  in  the  satiwation  flask.  By  the  float  method 
55. 50  and  55. 53  g.  per  100  g.  of  water  were  obtained;  by  the  gravimetric 
method,  55.46  g. 

It  seemed  as  a  result  of  these  experiments  that  the  more  carefully  we 
prepared  the  salt  the  higher  were  the  values  and  the  more  deviation  they 
showed  from  the  results  obtained  indirectly  by  Jackson.  Moreover, 
another  very  interesting  fact  came  to  Ught  in  the  temperature  ciurve. 
Below  35°  the  float  values  and  the  gravimetric  values  diecked  very  weU, 


*  Jackson,  This  Journal.  36,  2350  (1914). 

*  Osaka  and  Hara,  Mem.  Coll.  Sci.  Kyoto  Imp.  Univ.,  2, 147  (1917). 
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but  at  higher  temperatures  the  gravimetric  ciuve  began  to  fall  definitely 
below  the  curve  obtained  by  the  float  method.  These  facts  seemed  to 
require  some  explanation. 

Jackson'  has  shown  that  upon  the  addition  of  lead  hydroxide  to  so- 
lutions of  normal  acetate  a  very  soluble  salt  of  the  composition  3Pb- 
(C2H80s)s  •  PbO .  3H2O  is  formed.  Parsons*  has  also  shown  that  the  freezing 
point  of  a  solution  of  normal  lead  acetate  is  actually  raised  by  the  addition 
of  lead  hydroxide,  which  confirms  this  fact.  By  these  two  salts  dissolving 
independently  it  is  evident  that  the  presence  of  a  slight  amount  of  basic 
lead  would  increase  very  greatly  the  apparent  solubility  of  the  normal 
salt.  At  high  temperatures  the  hydrated  salt  decomposes  with  the  evo- 
lution of  water  and  acetic  add  so  readily  that  it  is  impossible  to  determine 
its  melting  point  in  an  open  tube.  Lofman'  has  shown  that  at  20^  hy- 
drolysis is  considerably  more  than  1%.  This  hydrolysis  would  produce 
a  basic  salt  and  free  acetic  add.  As  the  add  concentration  increased 
the  hydrolysis  would  be  retarded,  unless  the  temperatiu-es  were  high  enough 
to  drive  off  the  acid,  in  which  case  the  action  would  proceed  indefinitdy. 
Because  of  the  very  small  ionization  of  lead  acetate  a  very  low  add  con- 
centration should  effectually  retard  hydrolysis.  A  mass  of  fine  crystals 
taken  from  an  acid  solution  might  carry  with  them  a  slight  amount  of 
acid  which  would  affect  the  apparent  solubility.  This  could  account  for 
the  variable  results  at  25^.  At  higher  temperattu-es  the  formation  of 
basic  salt  would  be  greater,  and  a  calculation  of  normal  salt  based  on  total 
lead  content  would  necessarily  be  different  from  a  calculation  based  on 
the  density  of  the  solution.  This  result  is  in  accordance  with  the  facts. 
It  is  probable,  therefore,  that  the  values  obtained  by  both  methods  are 
influenced  to  some  extent  by  this  effect. 

Jackson  gives  the  following  figures  for  slightly  add  and  slightly  basic 
solutions  at  25^. 

PbO  Pb(CiH|Oi)f  Density  of  sol. 
%                                % 

1  -0.27  35.19  1.326 

2  +0.10  35.60  1.334 

3  +1.01  37.14  1.367 

Calculating  total  lead  as  Pb(C2H,02)2  these  would  be  (1)  54.30,  (2) 
55.43,  and  (3)  60.57  g.  per  100  g.  of  water.  The  density  of  one  of  our 
solutions  which  analyzed  55.23  was  1.333  which  agrees  quite  well. 

The  asstunption  made  above  that  the  variable  results  are  due  to  the 
presence  of  basic  salt  seems  to  be  justified  by  aU  available  experimental 
data.  If,  therefore,  solubility  is  the  amount  of  salt  that  goes  into  solu- 
tion with  water,  our  values  are  reasonably  acctu-ate.    If  it  is  a  measure  of 


»  Parsons,  /.  Phys.  Chem.,  11,  659  (1907). 

•  L6fman,  Z.  anorg.  aUgem.  Chem.,  107, 241  (1919). 
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the  number  of  molecules  of  normal  salt  in  the  solution,  otu-  values  are 
probably  a  littlfe  high.  For  all  practical  purposes,  however,  the  difference 
is  not  appreciable. 

For  assistance  rendered  in  the  earlier  stages  of  this  work,  credit  should 
be  given  to  Mr.  Gebhard  Stegeman. 

Summary 
A  method  of  determining  solubilities  by  the  use  of  floating  equi- 
librimn  is  described.    This  method  has  been  shown  to  be  capable  of  con- 
siderable speed  or  great  acctu^cy  and  a  reasonable  amount  of  both. 

The  solubiUty  of  lead  acetate,  Pb(C2H802)2.3H20,  has  been  determined 
between  0.0**  and  50^ 

Evidence  has  been  produced  which  supports  an  explanation  for  the 
variation  in  the  values  obtained  for  the  solubiUty  of  lead  acetate. 
Columbus,  Omo 

[CoNnuBunoN  from  thb  Muspratt  Laboratory  op  Physicai.  and  Bi*ectro- 

CHEMISTRY,  UNIVERSTTY  OP  I/IVSRPOOI«] 

THE  INFLUENCE   OF  ELECTROLYTES   ON  THE   SOLUBttlTY 
OF  NON-ELECTROLYTES 

By  Andrew  McKeown 

Received  December  8,  1921 

The  mutual  relations  existing  between  the  solubilities  of  different 
substances  in  the  same  solution  have  received  much  attention  in  the  past, 
both  from  the  theoretical  and  from  the  practical  standpoint,  and  semi- 
empirical  relations  have  been  obtained  which  represent  the  experimental 
facts  in  particular  cases  in  a  more  or  less  satisfactory  manner.^  Investi- 
gations have  recently  been  carried  out  by  Dawson*  on  the  salting  out  of 
phenol  from  water  solution  by  sodium  sulfate,  and  by  Thome'  on  the  solu- 
bility of  ethyl  ether  in  aqueous  solutions  of  sodium  chloride.  The  data 
in  the  latter  case  are  of  special  interest,  since  the  solubility  determinations 
have  been  carried  out  at  two  different  temperatures,  viz.,  15°  and  25°. 
Thome  finds  that  his  results  conform  to  the  equation 

-  •.  logio  7  -  * 

where  c  is  the  concentration  of  sodium  chloride  present  in  solution,  5  is 
the  corresponding  solubility  of  ethyl  ether,  Sq  is  the  solubility  of  ether 
in  pure  water,  and  jfe  is  a  constant  for  a  given  temperature,  having  the 
value  0.0555  at  15°  and  0.0536  at  25°.  As  a  matter  of  fact,  the  solu- 
bility of  ether  in  pure  water  is  anomalous,  but  the  equation  holds  fairly 

"Compare  Rothmund.  Z.  Eleklrochem.,  14,  532  (1908);    Z.  physik,  Chem.»  (59, 
523  (1909). 

«  Dawson,  /.  Soc.  Chem.  Ind.,  39,  151T  (1920). 
•Thome,  /.  Chem,  Soc,  119,  262  (1921). 
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accurately  for  the  solubilities  of  ether,  $i  and  52,  in  salt  solutions  of  con- 
centrations Ci  and  C2. 

From  Thome's  data  the  heats  of  solution  of  ether  in  the  various  sodium 
chloride  solutions  can  be  calculated  by  means  of  the  equation 

d(/«  s)        heat  absorbed 

The  use  of  this  expression  involves  the  assumption  that  solubility  s  is 
closely  analogous  to  a  true  equilibrium  constant.  This  assumption  will 
be  considered  later. 

If  the  heat  absorbed  remains  constant  over  the  temperature  range  15® 
to  25®,  the  above  equation  may  be  integrated  between  these  limits  giving 

^^  ?  "  R  \r  "  T'J  (2) 

where  Q  is  the  heat  evolved  per  mole  of  ether  dissolved.  From  the  equa- 
tion, Q  may  be  calculated  in  the  different  cases  treated  by  Thome. 

Table  I 

Calcui<ation  of  Heat  of  Solution  of  Ethbr  in  Sodium  Chloride  Solution 

NaCl  per  Solubility,  s\  Solubility,  s% 

100  g.  of  soln.  of  ether  at  15°  of  ether  at  25*                Q 

O.  Cal. 

0  8.43         6.05  6635 

1  8.06  6.98  6073 

2  7.09  6.28  5010 

4  5.49  4.13  4838 

5  4.84  3.65  4794 

6  4.26  3.22  4764 
8  3.30  2.52  4584 

10  2.55  1.97  4383 

15  1.36  1.11  3327 

20  0.71  0.57  3734  (?) 

26  0.37  0.31  3007 

It  will  be  observed  that  the  heat  evolved  decreases  steadily  with  in- 
creasing salt  concentration.  It  is  suggested  that  this  decrease  may  be 
related  to  the  decrease  in  the  solubility  of  the  ether  in  the  following  manner. 

If  we  assume  solubility  to  be  analogous  to  a  true  equilibrium  constant 
(as  the  above  use  of  the  van't  Hoff  isochore  relation  implies)  we  may  write 
the  solubility  s  in  moles  per  liter  as  equal  to:  velocity  constant  of  "disso- 
lutions/velocity constant  of  * 'precipitation.'*  Let  us  consider  the  mech- 
anisms of  the  dissolution  and  precipitation  processes.  The  former  con- 
sists essentially  of  an  ejection  of  solute  molecules  from  the  solid  or  liquid 
phase  of  undissolved  solute  into  the  adjoining  layer  of  solution.  The 
expression  for  the  rate  of  dissolution  is,  therefore,  of  the  same  form  as  that 
applying,  for  example,  to  the  rate  of  vaporization  of  molecules  from  the 
surface  of  a  liquid,  or  the  rate  of  thermionic  emission  of  electrons  from  a 
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metal  surface.    The  rate  of  the  latter  is  given  by  Langmuir*  from  kinetic 
theory  considerations  as 


\2Tm 


where  n  is  the  number  of  electrons  escaping  from  unit  surface  per  second, 
AT  is  the  number  of  electrons  of  mass  m  per  unit  volume  of  the  emitting 
substance,  and  w  is  the  work  required  to  carry  an  electron  through  the 
surface  of  the  metal.  We  may  by  analogy  write  the  rate  of  dissolution, 
or  the  number  of  molecules  dissolving  per  square  centimeter  per  second 


"•-"•Vsri  •-'•""  «' 


where  NO  is  the  number  of  molecules  per  cc.  of  undissolved  solid  or  liquid, 
M  is  the  molecular  weight  of  the  solute,  and  Eo  is  the  work  required  in 
the  dissolution  of  one  mole  of  solute,  that  is,  the  critical  increment  of  disso- 
lution. 

In  the  precipitation  process,  we  have  to  consider  the  number  of  solute 
molecules  in  solution  which  collide  on  one  square  centimeter  of  the  surface 
of  the  solute  phase  per  second,  together  with  the  fraction  of  these  which 

VRT 
,  and  the  number 

2tM 

condensing  by 


"4. 


S'-"" 


where  E  is  the  critical  increment  of  condensation,  and  t  is  a  factor  in- 
troduced to  take  account  of  the  specific  rate  of  diffusion  of  the  solute 
molecules  up  to  the  bounding  surface.  For  the  moipent  we  will  regard 
fe  as  a  constant  at  constant  temperature,  independent  of  the  concentration 
of  the  salt  solution.  When  solution  has  reached  its  limit,  the  rates  (3) 
and  (4)  are  equal,  so  that 

No  -(E^'-E)/RT 

N^-j-e  (5). 

where  N  is  the  number  of  solute  molecules  per  cc.  of  solution,  and  is  a  mea- 
sure of  the  solubility. 

Now  the  heat  evolved  is  the  difference  of  the  critical  increments  of 
resultants  and  reactants,  that  is  £  —  £o  =  heat  evolved  =  Q.     Hence 

s  =A.e  <?/^^  (6) 

where  A  is  provisionally  a  constant  determined  by  k  and  N. 

If  we  denote  by  Si  the  solubility  of  ether  in  a  1%  solution  of  sodium 
chloride  at  a  temperatiu'e  7',  and  by  5„  the  solubility  in  any  given  salt 
solution  at   the  same  temperature,  we  have 

^Langmuir,  J,  Am,  Electrochem.  Soc„  29,  12  (1916). 
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log  Si  -  logil  +^ 

On 
log  Sn  —  log  i4  +  ^ 

Hence  RTlog  r  -  Qi-Qn  (7) 

In  the  following  table  the  values  of  RT  log  5i/5„  at  the  temperatures  15® 
and  25®  (Cols.  2  and  3)  are  compared  with  the  values  Qi—Qn  ob- 
tained by  use  of  the  van't  Hoff  isochore  (compare  Table  I).  In  order 
to  reduce  the  solubility  data  given  by  Thome  in  grams  per  100  g.  of  solu- 
tion to  grams  per  100  cc.  of  solution,  that  is,  in  order  to  express  Si  and  5, 
in  volimie  concentration  terms,  it  is  necessary  to  multiply  the  ratio  of 
Thome's  values  by  di/d„,  the  ratio  of  the  densities  of  the  solutions. 

Table  II 

Qi'Qn 

from 
Tabic  I 

63 
235 
279 
319 
490 
090 
1746  (?) 


NaCl  cone,  limits 

per  100  g.  of  soln. 

ieriogiLatl5'* 

RT  log  ^SLt  25^ 

G. 

Sn 

Sn 

1-2 

69.2 

69.4 

1-4 

207 

206 

1-5 

275 

276 

1-6 

346 

334 

1-^ 

482 

481 

1-10 

621 

618 

1-15 

964 

936.5 

1-20 

1310 

1309 

1-25 

1662 

1647 

2066 

The  values  corresponding  to  So  have  been  omitted  from  the  above  tabic, 
since  they  are  at  very  great  variance  with  one  another.  Thus  26,  7, 
570  are  the  figures  for  Cols.  2,  3  and  4,  respectively.  It  is  difficult  to  ex- 
plain why  so  great  a  discrepancy  is  shown  when  the  solubilities  of 
ether  in  piu'e  water  are  employed.  Thome  himself  has  already  com- 
mented on  the  abnormality  of  these  data. 

The  values  of  Qi  —  G„  in  Col.  4,  obtained  from  the  van't  HoflF  isochore, 
agree  on  the  whole  (with  one  exception)  with  the  figures  in  the  two  pre- 
ceding columns.  It  is  easily  seen  that  this  result  justifies  the  assumption 
used  above  that  the  factor  k  is  independent  of  the  concentration  of  the 
salt  solution.  Again,  if  the  values  in  Cols.  2  and  3  were  identical,  Cd.  4 
should  correspond  strictly  to  either,  since  the  van't  Hoflf  isochore  can  be 
deduced  from  the  statistical  equation  (7)  at  two  different  temperatures 
thus 

RT' log '£  'Qi-Qn 


RT'  log  —,  -  Qi-Qn 


Sl' 
Sn' 

tb.refpre  ,,,  ;^  .  ,og  ^:  =  2-2?(f  -  i.) 
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which  is  the  equation  from  which  the  values  of  Qi  —  Q„  of  Col.  4  are 
calculated  (the  ratio  of  the  densities  of  the  two  solutions  at  the  two  differ- 
ent temperatiu-es  being  taken  as  equal).  The  large  divergence  to  be 
observed  in  a  few  cases  (especially  for  the  1-15%  sodiiun  chloride  solutions) 
is  considered  to  be  due  entirely  to  multiplication  of  the  error  initially 
present  in  the  solubility  data.  Indeed,  an  examination  of  these  data  shows 
that  the  ether  solubilities  given  by  Thome  do  not  decrease  in  a  perfectly 
regular  manner  as  the  sodium  chloride  concentration  increases.  This 
is  especially  true  for  the  data  referring  to  25°.  We  are,  therefore,  justified 
in  taking  Col.  2,  in  preference  to  Col.  3  or  4,  as  the  most  acciu*ate  measure 
of  the  differences  of  the  heats  of  solution  of  ether  in  various  sodium  chlo- 
ride solutions. 

Finally,  the  fact  that  from  Equation  7,  based  on  statistical  principles, 
we  may  deduce  an  equation  of  the  form 

log-,  -  log -,  =  ^^-^  \^Y'  -  tO 
which  is  the  difference  of  two  van't  Hoff  isochores,  is  evidence  in  favor  of 
the  general  correctness  of  our  original  mechanism  of  solubility  from  which 
Equation  7  is  derived. 

The  effect  of  an  electrolyte  on  the  solubility  of  a  non-electrol)rte  may 
be  looked  at  from  a  slightly  different  point  of  view.  Nemst  and  Jahn 
have  treated  in  a  semi-empirical  manner  the  corrections  to  be  applied 
to  the  thermod3mamic  properties  of  each  constituent  of  a  solution  due 
to  the  mutual  influences  of  the  components,  and  the  latter  writer*  has 
applied  his  concepts  with  considerable  success  to  explain  the  anomaly 
rf  strong  electrolytes  and  the  departure  of  the  electromotive  force  of 
concentration  cells  from  the  values  calculated  from  the  simple  Nemst 
formula. 

Rothmund,  by  a  similar  line  of  treatment"  deduces  the  following  re- . 
lation  between  the  solubilities  (1J4  and  iy'4)  of  a  non-electrol)rte  in  water 
and  in  a  salt  solution  of  concentration  c 

i^riogp;  «ai,4Ci  +  2aj,4Ci  (8) 

where  Ci  is  the  concentration  of  the  undissociated  salt,  and  ct  is  the  con- 
centration of  either  ion;  ai,4  and  02,4  are  factors  representing  the  re- 
spective specific  influences  of  the  undissociated  molecule  and  either  ion 
on  the  properties  of  the  non-electrolyte. 

Since  it  is  reasonable  to  asstmie  that  the  specific  mutual  influence 
of  two  molecules  is  small  compared  with  that  of  an  ion  and  a  molecule, 
ai,4  is  put  equal  to  zero,  giving 

l^riog^,  =2aa.4C,  (9) 


•Jahn,  Z.  physik.  Chem.,  41,  267  (1902). 
•  Rothmund,  ibid.,  69,  523  (1909). 
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Comparing  this  with  Equation  7,  which  depends  on  statistical  principles, 
we  see  that  the  difference  in. the  heats  of  solution  of  ether  in  two  solutions 
of  sodium  chloride  is  directly  proportional  to  the  difference  of  the  ion 
concentrations  in  the  solutions. 

Since,  however,  we  are  dealing  with  thermod3aiamic  properties,  it 
would  seem  more  correct  to  replace  Equation  9  above  by 

RT  log  ^,  =  at,4  (h  +  «»,4  a,  (10) 

the  a*s  denoting  activities  of  the  ions,  and  the  subscripts  2  and  3  referring 
to  sodium  ion  and  chlorine  ion,  respectively.  It  will  be  noted  that  the 
'*environmentar*  effects  of  the  ions  are  now  separated  since  on  the  basis 
of  activity,  there  is  no  a  priori  reason  for  assimiing  them  equal.  Hamed' 
has  computed  the  individual  activities  of  the  ions  of  such  salts  as  potas- 
sium, sodiiun  and  lithiiun  chlorides,  and  has  shown  that  the  observed 
activities  of  these  salts  in  solution  agree  closely  with  the  values  calculated 
from  the  separate  activity  coefficients  of  the  individual  ions  given  by  the 
empirical  equation 

log  F^  =  ac—pcf» 

where  a,  P  and  m  are  constants -for  the  particular  ion  considered,  and 
Fa  is  the  activity  coefficient  of  the  ion  at  the  concentration  c  of  salt 
(gram-molecules  per  1000  g.  of  solvent). 

The  following  table  contains  the  activities  of  the  sodium  and  the  chlorine 
ions  in  the  solutions  used  by  Thome,  calculated  from  the  above  formula. 
The  revised  values  of  the  constants  a,  jS,  w  for  each  ion  given  by  Hamed 
in  a  more  recent  communication*  have  been  employed. 

Tabids  III 
Calculatbd  Activities  op  thb  Sodium  and  Chu)rine  Ions 


NaCl  per 

Moles  of  NaCl 

Activity  of 

100  g.  of  soln. 
G. 

per 

lOOOg.ofHjO 

Na+ 

a- 

1 

0.1728 

0.1334 

0.1272 

2 

0.3492 

0.2557 

0.2381 

4 

0.7130 

0.6040 

0.4434 

5 

0.9006 

0.6357 

0.5466 

6 

1.092 

0.7755 

0.6490 

8 

1.487 

1.086 

0.8600 

10 

1.901 

1.447 

1.086 

15 

3.019 

2.684 

1.736 

Subtracting  the  value  of  a2,4  (h  +  03,4  (h  for  the  1%  solution  of  sodium 
chloride  from  the  values  corresponding  to  the  other  solutions,  and  equat- 
ing the  results  to  the  values  of  (Qi  —  0„)  obtained  from  Col.  2  of  Table 
II,  we  obtain  the  following  relations. 

^  Harned,   This  Journal,  42,   1818   (1920). 

»  Harned,  ibid.,  44,  252  (1922). 
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0.1223ai,4  +  0.1109  a,,4=  69.2  0.9526  ai,4  -f  0.7328  08,4=482 

0.3706  ai,4  +  0.3162  01,4=207  1.314    o,,4  +  0.959    at,4=621 

0.5023  a,.4  +  0.4194  a,,4  =  275  2.551    02,4  +  1609    08.4=964 

0.6421  02.4  +  0.5218  a,,4=346 

Solving  these  seven  equations  in  a2,4  and  az,A  by  the  method  of  least 
squares,  we  obtain  as  the  most  probable  values  a2,4  =  —21.7  ;  asM  = 
671.  Having  regard  to  the  admittedly  approximate  natiu'e  of  the  ac- 
tivity values  used,  no  special  signij&cance  need  be  attached  to  the  negative 
sign  of  a2fi,  as  a  small  error  in  any  of  the  data  used  might  easily  lead 
to  a  positive  value  of  a2,4  of  the  same  order  of  magnitude  as  that  given 
above.  The  result  obtained  would  therefore  appear  to  indicate  that 
the  effect  of  the  cation  in  the  salting  out  of  ether  by  sodium  chloride  is  negli- 
gible compared  with  the  effect  of  the  anion. 

It  is  believed  that  the  foregoing  is  the  first  quantitative  treatment  of 
the  salting-out  effect  of  an  electrolyte  from  the  standpoint  of  the  activities 
of  the  individual  ions  of  the  salt  in  solution. 

It  is  proposed  to  test  the  conclusions  arrived  at  above  by  experiments 
similar  to  those  of  Thome,  replacing  the  sodium  chloride  by  other  salts, 
for  solutions  of  which  the  individual  activity  values  of  the  ions  are  also 
available. 

Summary 

1.  The  heats  of  solution  of  ether  in  various  solutions  of  sodium  chlo- 
ride have  been  calculated  from  Thome's  solubility  data  at  15®  and  25°, 
making  use  of  a  relation  between  solubility,  heat  of  solution,  and  tempera- 
ture of  the  form  of  the  van*t  Hoff  isochore. 

2.  Statistical  treatment  of  the  phenomena  of  solution  and  precipita- 
tion leads  to  an  expression  for  solubility,  viz.,  s  =  Ae^^^^,  which  is  in 
agreement  with  the  isochore  relation  mentioned  above. 

3.  The  salting-out  effect  on  ether  of  sodium  chloride  has  been  ex- 
amined insofar  as  the  effect  depends  on  the  activities  of  the  ions  of  the 
salt.  It  is  shown  that  the  relative  specific  influences  of  the  cation  and 
anion  are  —21.7  and  +671,  that  is  the  anion  is  the  predominating 
factor  in  the  process.    A  mode  of  further  testing  this  result  is  indicated. 

LivBRPOOL,  England 


Digitized  by  LjOOQ IC 


1210  S.   R.    BRINKLSY 

[Contribution  from  thb  Chemistry  Dbpartmbnt  op  Yalb  UniybrsityI 
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Mercuric  cyanide  is  one  of  a  limited  number  of  salts  which  are  exceed- 
ingly soluble  in  ammonia,  and  lower  the  vapor  pressure  of  the  latter  to 
such  an  extent  that  they  deliquesce  in  the  vapor  at  common  temperatures 
when  the  vapor  pressure  is  comparatively  low.^  Such  solutions  of  salts 
in  ammonia  have  recently  received  considerable  attention,  chiefly  on  ac- 
count of  the  possibility  of  using  them  to  condense  ammonia  at  relatively 
low  pressures  in  the  absence  of  water.^ 

In  the  present  article  the  vapor  pressures  at  0°  have  been  determined 
for  the  binary  system,  ammonia  :  mercuric  cyanide  over  a  range  from  370 
mm.  to  about  1600  mm. ;  and  in  the  ternary  system  of  these  two  substances 
and  water  the  solubility  curve  at  the  same  temperature  has  been  deter- 
mined. 

Vapor  Pressures 

The  method  used  for  determining  the  vapor  pressure  was  that  described 
by  Foote  and  Brinkely.'  For  the  vapor  pressure  of  the  saturated  solution 
this  method  with  the  variation  described  by  Foote*  was  used. 

For  the  system  where  the  phases  were  solid  and  vapor,  the  method  used 
was  first  to  prepare  a  solution  of  the  salt  in  ammonia  by  passing  in  the  gas 
at  high  pressure.  The  pressure  of  ammonia  was  then  lowered  to  370 
mm.  and  ammonia  evaporated  to  constant  weight.  Afterwards  the  higher 
pressures  where  these  were  the  only  phases,  were  used.  It  was  found  that 
reliable  results  were  not  obtained  by  the  direct  passage  of  ammonia  at 
low  pressures  over  mercuric  cyanide,  because  of  the  time  involved  in 
reaching  equilibrium  -in  the  solid  phase  transformation. 

The  mercuric  cyanide  was  the  purest  that  could  be  obtained  and  was 
recrystallized  and  dried  until  it  showed  no  trace  of  moisture.  Analysis 
showed  it  to  contain  no  appreciable  amount  of  any  other  substance. 

The  determinations  were  carried  out  at  0®  only,  since  at  higher  tempera- 
tures the  vapor  pressure  of  the  solution  rises  very  rapidly.* 

Table  I  shows  the  results  of  the  vapor-pressure  determinations.    Several 

1  Franklin  and  Kraus,  Am.  Chem.  /.,  20,  820  (1898);  ibid.,  23,  300  (1900). 

« Foote  and  Hunter,  This  Journal,  42,  69  (1920).  Foote  and  Brinkley.  ibid., 
43,  1018  (1921).    Davis,  Olmstead  and  Lundstrum,  ibid.,  43,  1675,  1680  (1921). 

» Foote   and   Brinkley,    Ref.   2. 

<  Foote,  This  Journal,  43,  1031  (1921). 

*  Bradley  and  Alexander,  ibid.,  34,  16  (1912),  erroneously  reported  mercuric  cyan- 
ide to  be  among  those  substances  which  deliquesce  in  ammonia  gas  at  ordinary  tempera- 
ttu-es  and  a  pressure  of  one  atmosphere. 
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samples  were  used  to  eliminate  errors  as  far  as  possible.  Corrections  were 
made  in  weights  for  the  changed  gas  content  of  the  absorption  tube,  and 
the  barometric  readings  were  corrected  for  temperature.  Col.  1  gives  the 
observed  vapor  pressure  of  the  system  whose  ammonia  content  is  shown 
in  Cok.  2  and  3.  Col.  4  shows  the  percentage  of  the  pressiu-e  of  pure 
ammonia,  exhibited  by  the  solutions.  The  vapor  pressiu-e  of  ammonia 
at  0**  is  that  determined  by  Keyes  and  Brownlee.*  The  data  of  Cols.  3 
and  4  are  of  no  significance  when  both  solid  and  liquid  phases  are  present 
and  are  therefore  omitted  from  the  table.  Since  this  system  is  univariant, 
both  composition  of  solution  and  vapor  pressure  are  constant  at  the  tem- 
perattire  of  the  experiment. 

In  the  first  part  of  the  table  the  system  was  that  in  which  no  liquid 
phase  was  present.  The  composition  of  the  solid  was  found  to  be  constant 
over  a  wide  range  of  pressures  of  ammonia  and,  moreover,  to  agree  within 
experimental  limits  with  that  required  by  the  formula,  Hg(CN)2.2NH8. 
In  the  second  part  the  data  are  for  the  system  when  varying  amounts 
of  solid  were  present  with  the  saturated  solution  and  vapor.  The  vapor 
pressure  was  fotmd  to  be  constant.  The  last  part  of  the  table  shows  the 
data  for  the  unsattu-ated  solution. 

TablbI 

Vapor  Prbssurbs^  Ammonia:  Mercuric  Cyanide 

r=0*  PNH.=3265mm. 

^  Wt..%  Mal..%         'S^ 

PNHi  P  NH,  NH.  ^NH, 

II.  Phases:  Hg(CN),.2NH,,  saturated 
solution  vapor 

1053 
1071 
1067 
1073 
1066 
1066 


P 
I.  Phases: 

369 
556 
763 
993 


wt.-% 

NHi 


McL-7o 
NHa 


Hg(CN),.2NH,  and  vapor. 


11.75 
11.63 
11.56 
11.69 


66.40 


16.57 
16.79 
18.35 
18.94 
19.30 
20.21 
solution  and  vapor 


III.  Phases: 

1067   20.72«   79.34    32.8  1362  23.40  81.92  41.8 

1098   20.93    79.71    33.7  1445  24.33  82.66  44.4 

1200   21.87    80.57    36.9  1536  25.20  83.36  47.2 

1257   22.36    81.02    38.6  1615  26.10  83.80  49.6 

*  Bztrapolated  value* 

Fig.  1  shows  these  results  graphically.  The  nearly  vertical  straight 
line  shows  the  variable  vapor  pressure  under  which  the  solid  Hg(CN)8.- 
2NHs  can  exist.  The  slight  deviation  from  the  vertical  is  due  to  experi- 
mental error.  The  horizontal  line  shows  constant  vapor  pressure  of  the 
saturated  solution  in  the  univariant  system,  where  there  are  three  phases. 
The  proportions  between  the  solid  and  solution  change  as  the  amount  of 

*  Keyes  and  Brownlee,  This  Joxtskai^  40,  35  (1918). 
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ammonia  in  the  system  increases.  The  ascending  line  shows  the  vapor 
pressures  of  the  unsaturated  solution.  The  point  of  intersection  of  the 
horizontal  line  and  the  vapor-pressure  curve  of  the  solution  gives  the  com- 
position of  the  saturated  solution. 

SolubiUty 

The  vapor-pressiure  method  was  not  suitable  for  determining  the  possible 
existence  of  other  solid  addition  products,  since  at  the  low  pressures  in- 
volved there  was  considerable  doubt  of  having  reached  equilibrium  in  the 
solid  phase  transformation,  even  after  long  passage  of  ammonia. 

Recourse  was  therefore  had  to  a  solubiUty  method  for  the  investi- 
gation of  this  field.  The  aqueous  solution  of  ammonia  and  mercuric 
cyanide  was  admirably  adapted  for  this  purpose,  since  in  the  dilute  so- 
lutions very  low  partial  pressm'es  of  ammonia  could  be  obtained.  If  no 
solid  hydrated  addition  product  between  mercuric  cyanide  and  water 
could  exist  at  0®,  the  solid  separating  from  solution  would  necessarily 
have  the  same  composition  as  if  it  were  in  equiUbrium  with  dry  ammonia 
at  this  temperature,  and  a  pressure  of  ammonia  gas  equal  to  its  partial 
presstwe  in  the  aqueous  solution.  The  solubility  curve  at  0**  for  the 
ternary  system  ammonia  :  mercuric  cyanide:  water  was  therefore  deter- 
mined. 

These  determi^iations  were  carried  out  in  glass-stoppered  bottles  which 
were  shaken  in  an  ordinary  solubility  tank.  In  all  cases  the  solutions 
were  prepared  at  higher  temperatures,  taking  care  that  the  last  trace  of 
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solid  was  in  solution.  They  were  then  brought  to  equilibrium  at  0°  by 
long  shaking  in  the  solubihty  tank. 

The  samples  for  analysis  were  withdrawn  through  a  tube  containing 
a  plug  of  glass  wool  into  a  weighed  specimen  tube.  The  precautions 
previously  described^  were  used  to  minimize  errors.  Ammonia  was  de- 
termined in  the  usual  way  by  adding  a  measured  excess  of  standard  hydro- 
chloric acid  and  titrating  the  excess  by  means  of  standard  ammonia 
solution,  using  congo  red  as  indicator.  Previous  determinations  had 
shown  that  the  presence  of  mercuric  cyanide  did  not  affect  the  accuracy 
of  the  method.  Mercuric  cyanide  was  determined  by  precipitating  mer- 
curic sulfide  in  hydrochloric  acid  solution  with  hydrogen  sulfide,  and 
drying  to  constant  weight  at  110®,  previous  tests  having  shown  this  to 
give  accurate  results. 

The  composition  of  the  solid  phase  was  determined  by  Schreinemakers' 
method^  of  residues.  The  solubility  results  are  given  in  Table  II.  The 
solubility  of  mercuric  cyanide  in  pure  liquid  ammonia  was  obtained  by 
extrapolation  from  the  vapor-pressure  data. 


Tablb  II 
Solubility.    Ammonia  :  Mercuric  Cyanide  :  Water 


Solution 

Residue 

Solid  phase 

wt..% 

Hg(CN)» 

wt.-% 

NHa 

wt..% 

Hg(CN)» 

NHs 

6.31 
8.46 

None 
.43 

Not  analyzed 
89.22             .05^ 

Hg(CN)2 

11.66 
11.69 

1.09 
1.06 

92.58 
89.24 

.55 
2.66  I 

Hg(CN)2  -f  Hg(CN)2.NH3 

9.40 

2.06 

83.95 

5.74^ 

9.44 

2.74 

84.05 

5.82 

10.32 
15.43 

4.08 
6.82 

85.11 
85.31 

6.14 
6.04 

Hg(CN)2.NHs 

17.51 

7.67 

87.65 

6.24 

19.31 

8.25 

84.69 

6.36 

24.68 

9.40 

84.37 

6.48^ 

26.41 
25.41 

9.50 
9.55 

81.75 
79.92 

9.33 
9.71 

y      Hg(CN),.2NH3  +  Hg(CN),.N 

25.52 

9.50 

80.92 

10.34^ 

24.04 

11.23 

79.00 

11.58' 

23.40 

12.59 

77.73 

11.84 

24.46 
43.57 

16.87 
22.09 

76.80 
84.04 

12.56 
12.31 

Hg(CN),.2NH, 

66.10 

21.51 

86.03 

12.11 

79.30« 

20.70 

...     ^ 

"  Extrapolated  from 

V.  p. 

7  Schreinemakers,  Z.  physik.    Chem.,  55,  73   (1906). 


Digitized  by  LjOOQ IC 


1214 


S.   R.   BRINKLQY 


^    50    BO    70    80   SO 
Fig.  2. 


The  solubility  curve  is  shown  in  Fig.  2.  Along  the  curve  AB  mercuric 
cyanide  is  the  solid  phase,  along  the  curve  BC  the  solid  is  of  the  compo- 
sition Hg(CN)2.NHs,  and  along  the  curve  CD  the  solid  is  Hg(CN)i.- 
2NH3.  At  the  univariant  point  B  the  two  soUds  Hg(CN)i  and  Hg(CN)i.  - 
NHs  are  in  equilibrium  with  a  solution  of  fixed  composition  for  fixed  tem- 
perature; and  at  the  univari- 
ant point  C,  the  solid  phases 
are  Hg(CN)s.NHt  and  Hg- 
(CN),.2NH,. 

The  addition  product  Hg- 
(CN)s.2NHtwas  described  by 
Franklin  and  Eraus*  as  ob 
tained  when  a  solution  of  mer« 
curie  cyanide  in  liquid  ammo- 
nia was  allowed  to  evaporate. 
Varet*  mentioned  the  exis- 
tence of  the  two  addition  prod- 
ucts and  also  of  two  hydrated 
addition  products  of  the  com- 
position Hg(CN)».  NHs.  VjHjO;  and  Hg(CN),.  2NHi.  ViH»0. 

The  conditions  under  which  he  worked  were  not  well  defined.  More- 
over the  physical  appearances  of  the  hydrated  and  unhydrated  products 
as  described  by  him  are  essentially  the  same.  Since  these  addition  prod- 
ucts rapidly  lose  ammonia  when  exposed  to  the  air,  it  would  obviously 
be  difficult  to  obtain  them  completely  free  from  solution  without  some 
decomposition.  The  amount  of  water  required  to  satisfy  the  above  for- 
mulas is  very  small  and  could  readily  be  explained  as  due  to  failure  to 
free  his  solids  completely  from  solution. 

In  this  investigation  no  hydrated  products  were  obtained  even  from  the 
most  dUute  solutions.  It  is  evident  that  at  0^  the  two  addition  products 
described  are  the  only  ones  capable  of  separating  in  the  solid  phase  from 
the  solution;  and  therefore  are  the  only  solid  addition  products  capable 
of  existence. 

Discussion  of  Results 

Reference  to  Table  I  shows  that  the  vapor  pressures  of  the  solutions 
of  dififerent  composition  vary  greatly  from  those  required  by  Raoult's 
law.  In  Cols.  3  and  4,  respectively,  the  molecular  percentage  of  ammonia 
and  the  relation  100  P/Pnhi  ^^  shown.  According  to  Raoult's  law  these 
values  should  be  identical. 

Foote  and  Htmter'  for  the  system  ammonia:  ammonium  thioqranate, 

■  FrankUn  and  Kraus,  Tms  Journal,  29|  40  (1907). 

•  Varet,  BuU.  soc,  chim,,  [3]  6,  220  (1801);  Campi.  rend,,  109, 003  (1880),  and  112, 
313  (1801). 
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and  Foote  and  Brinkley^  for  the  system  ammonia: ammonium  nitrate 
concluded  that  the  great  deviation  was  due  partly  to  the  formation  of  ad- 
dition products  in  solution,  and  partly  to  electrolytic  dissociation.  Since 
mercuric  cyanide  is  not  appreciably  ionized  in  ammonia  solution^"  and 
since  solid  addition  products  have  been  shown  to  exist  at  0®,  the  divergence 
here  may  to  a  very  large  extent  be  attributed  to  compound  formation. 
On  this  basis  the  average  composition  of  the  compound  in  solution  may 
be  calculated  by  the  Callendar  formula  used  in  the  above  mentioned  ar- 

"Po  —  "P                    tt 
tides: = .     Here   po  and  p  represent  the  vapor 

pQ  N  —  an  +  n 

pressures  of  ammonia  from  the  piu'e  solvent  and  the  solution  respectively; 
N  the  molecules  of  solvent;  n  the  molecules  of  solute;  and  a  the  number 
of  molecules  of  solvent  combined  with  one  molecule  of  solute.  In  Table 
III  the  values  of  a  have  been  calculated  for  several  mercuric  cyanide 
solutions. 

Table  III 
Mox,Ecxji.BS  OF  Solvent  (a)  Combined  with  Solute 

Mol.  per  cent,  of  ammonia  a  Mol.  per  cent,  of  ammonia  a 

83.80  4.18  81.02  3.64 

82.66  3.97  79.34  3.36 

Comparison  with  the  results  of  Foote  and  Brinkley*  shows  that  in  the 
extent  of  compound  formation  with  ammonia  the  salts  stand  in  the  fol- 
lowing order:  anmionium  thiocyanate,  mercuric  cyanide,  ammonium  ni- 
trate. This  is  shown  by  the  fact  that  for  solutions  of  the  same  molecular 
concentration  the  abnormaHty  in  the  depression  of  the  vapor  pressiu-e  is 
greatest  for  anmionium  thiocyanate  and  least  for  ammonium  nitrate. 

By  interpolation  from  the  data  of  Davis,  Olmstead,  and  Limdstrum^ 
and  conversion  to  molecular  percentages,  it  is  fotmd  that  at  0°  the  solution 
of  lithium  nitrate  in  ammonia  shows  a  vapor  pressure  of  290  mm.,  when 
the  molecular  percentage  of  ammonia  is  69.03.  For  the  same  concen- 
tration the  ammonium  thiocyanate  solution  shows  a  pressiu-e  of  270  mm.,* 
and  the  ammonium  nitrate  solution  665.*  The  values  of  a  for  these  so- 
lutions are:  ammonium  thiocyanate,  a  =  2 .  14;  lithium  nitrate,  a  =  2. 12; 
ammonitun  nitrate,  a  =  1.97,  as  derived  from  the  vapor-pressiu'e  data. 
The  solutions  in  which  the  vapor-pressure  lowering  is  greatest,  show  the 
compound  formation  to  the  greatest  extent. 

The  molar  solubility  of  mercuric  cyanide  in  ammonia  is  not  as  great  as 
in  the  case  of  the  other  salts  mentioned,  and  the  vapor  pressiu-e  of  the 
saturated  solution  is  considerably  higher  than  for  any  of  these.  The  rate 
of  absorption  of  ammonia  by  merciuic  cyanide  is  also  slower  and  a  much 
greater  time  is  necessary  for  reaching  equilibrium.     Hence  it  probably 

»•  Franklin  and  Kraus,  Am.  Chem,  /.,  23,  277  (1900);    This  Joubnai,,  27,  197 
(1906). 
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would  not  be  as  satisfactory  an  absorbent  for  ammonia  for  practical  use 
as  those  described  by  Foote  and  Himter,^  Foote  and  Brinkley*  and  Davis, 
Olmstead  and  Lundstrum.^ 

Summary 

1.  The  vapor-pressiure  ciu-ve  at  0®  for  the  system  ammonia: mercuric 
cyanide  has  been  determined  from  369  to  1615  mm. 

2.  The  solubility  curve  of  the  ternary  system  ammonia: mercuric 
cyanide:  water  has  been  determined  at  0°. 

3.  The  vapor  pressures  of  the  solutions  are  far  below  those  required 
by  Raoult*s  law. 

4.  The  solid  addition  products^  Hg(CN)2.NH3  and  Hg(CN)2.2NH3, 
have  been  isolated  and  have  been  shown  to  be  the  only  ones  formed  at  0°. 

Nbw  Havbn,  Connecticut 
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I.    Introduction 

Recent  advances  in  our  knowledge  of  the  structure  of  the  atoms  and  of 
crystalline  substances  have  made  it  possible  to  render  a  fairly  satisfactory 
accotmt  of  the  constitution  of  salts  and  of  many  non-metallic  compounds. 
The  constitution  of  metallic  elements  and  metallic  compounds,  however, 
remains  almost  as  obscure  as  heretofore.  Indeed,  few  writers  have  ven- 
tured to  hazard  a  guess  as  to  the  nature  of  these  interesting  substances. 

Approximately  80%  of  the  known  elements  are  metallic  in  the  free 
state,  and  all  compounds  between  distinctly  metallic  elements  are  metallic. 
In  addition,  many  compoimds  between  metallic  and  non-metallic  elements 
are  likewise  metallic.  The  metals  thus  include  a  large  number  of  impor- 
tant substances.  The  study  of  metallic  substances  has  received  little 
attention,  particularly  from  the  chemical  point  of  view.  It  is  only  re- 
cently that  methods  have  been  developed  as  a  result  of  which  we  now  have 
information  relative  to  the  composition  of  metallic  compounds.  Even 
now,  many  simple  systems  have  not  been  systematically  studied,  while 
the  more  complex  systems  have  scarcely  been  touched  upon  except  in  a 
few  instances.  The  physical  and  chemical  properties  of  metallic  com- 
pounds are  little  known  even  from  a  qualitative  standpoint.  Data  rela- 
tive to  the  energy  changes  accompanying  the  formation  of  metallic  com- 
potmds  are  very  meager.  It  is  apparent  that  at  the  present  time  the  metals 
constitute  a  great.field  which  remains  practically  undeveloped. 

Before  proceeding  to  a  discussion  of  the  constitution  of  metallic  sub- 
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stances,  it  will  be  advantageous  to  consider,  briefly,  the  metallic  state  of 
matter,  in  general.  The  uniform  occurrence  of  certain  properties  in  dif- 
ferent metallic  substances  indicates  some  common  feature  imderlying  their 
constitution.  According  to  modem  views,  the  metals  owe  their  charac- 
teristic properties  chiefly  to  the  negative  electrons  which  are  free  to  move 
within  the  body  of  the  metal.  Much  of  our  knowledge  relative  to  the 
existence  of  free  negative  electrons  in  metals  is  derived  from  indirect 
evidence.  The  most  direct  evidence  as  to  the  existence  of  negative 
electrons  in  metallic  elements  has  been  obtained  from  a  study  of  solutions 
of  the  alkali  metals  in  liquid  ammonia.  This  solvent  constitutes  the  only 
non-metallic  medium  in  which  metals  are  soluble.  Solutions  in  ammonia, 
therefore,  constitute  the  only  means  we  have  for  obtaining  an  insight  into 
the  influence  of  concentration  on  metallic  properties.  In  what  follows 
it  will  be  necessary  to  draw  largely  on  the  results  obtained  from  the  study 
of  solutions  in  this  solvent. 

The  properties  of  a  given  system,  as  regards  its  chemical  behavior, 
depend  largely  upon  the  tendency  which  the  constituent  elements  possess 
for  combining  with  negative  electrons  to  form  stable  complexes.  Electro- 
negative elements  owe  their  characteristic  property  of  f imctioning  as  anions 
to  the  fact  that  they  form  stable  complexes  with  one  or  more  negative 
electrons.  This  tmion  of  the  negative  electron  with  an  electronegative 
element  or  group  of  elements  is  a  relatively  stable  one,  and  persists  through- 
out th^  various  compounds  in  which  this  element  or  group  of  elements 
occurs.  It  is  only  with  great  difficulty  that  these  complexes  may  be  broken 
down.  Since,  imder  these  conditions,  the  negative  electrons  are  firmly 
attached  to  atomic  groups,  they  possess  freedom  of  motion  only  insofar 
as  these  groups,  as  a  whole,  are  capable  of  moving  under  given  conditions. 
Metallic  properties  are  therefore  lacking  in  such  compoimds.  Only 
such  substances  may  be  expected  to  exhibit  metallic  properties  as  do  not 
contain  sufficient  electronegative  elements  to  engage  the  negative  electrons 
supplied  by  the  more  electropositive  constituents,  or,  otherwise,  in  which 
imcombined  electronegative  elements  are  lacking. 

Any  element  or  group  of  elements  which  is  capable  of  forming  a  stable 
complex  with  the  loss  of  one  or  more  negative  electrons  possesses,  in  a 
sense,  metallic  properties.  Whether  a  given  system  containing  such 
groups  will  be  metallic  depends  upon  whether  or  not  other  more  electro- 
negative constituents  are  present  to  combine  these  electrons.  The  smaller 
the  affinity  of  an  element  or  group  of  elements  for  the  negative  electron, 
the  more  electropositive  will  the  element  or  group  appear,  and  the  more 
readily  will  it  enter  into  reaction  with  more  electronegative  elements. 

According  to  this  view,  the  metallic  elements  are  to  be  looked  upon  as 
salt-like  substance  in  which  the  negative  electron  appears  as  electronega- 
tive constituent.     Chemical  reactions  in  which  these  elements  are  con- 
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cemed  consist  essentially  in  a  combination  of  the  negative  electron  with 
an  electronegative  element  or  group  of  elements.  The  energy  effects 
accompanying  such  reactions  are  largely  due  to  the  reaction  taking  place 
between  the  negative  electron  and  the  electronegative  constituent  to  form 
a  negative  ion.  This  will  be  the  more  true,  the  more  electropositive  the 
metallic  constituent  and  the  more  electronegative  the  electronegative 
constituent.  Compounds  between  strongly  electronegative  and  electro- 
positive constituents,  therefore,  should  invariably  form  salts  or  salt-like 
substances.  On  the  other  hand,  compounds  between  strongly  electro- 
negative elements  and  only  weakly  electropositive  elements  may  be  ex- 
pected to  yield  substances  in  which  the  salt-like  properties  are  subordinate. 

It  should  further  be  borne  in  mind  that  the  properties  of  a  substance 
depend  upon  its  state.  This  is  particularly  true  of  metallic  properties. 
These  properties  are  extremely  sensitive  to  a  slight  change  in  the  en- 
vironment of  the  substance.  For  example,  the  specific  resistance  of  a 
metal  is  very  sensitive  to  change  of  temperature,  pressure  and  other 
factors.  The  metallic  state  of  an  element  is  particularly  dependent 
upon  its  concentration.  This  will  be  clear  when  it  is  recalled  that  the 
vapors  of  metallic  elements  are  throughout  non-metaUic.  Thus,  mer- 
cury vapor  imder  ordinary  conditions  is  a  non-conductor;  and  even 
at  high  temperatures  and  at  densities  comparable  with  those  of  the  metal, 
mercury  vapor  is  a  very  poor  conductor.^  In  the  case  of  electrolytes, 
it  is  well  known  that  the  properties  are  dependent  upon  concentration, 
particularly  when  dissolved  in  solvents  of  low  dielectric  constant.  While 
the  salts  in  the  pure  state  exhibit  a  high  equivalent  conductance,  dissolved 
in  solvents  of  low  dielectric  constant,  such  salts  exhibit  an  extremely 
low  conducting  power.  So,  also,  salt  vapors  exhibit  only  a  very  low 
conductance.  We  may  conclude,  therefore,  that  the  properties  of  salt- 
like substances,  and  the  metals  may  be  included  in  this  class,  will  vary 
largely  as  a  function  of  concentration.  That  this  important  fact  should 
have  escaped  observation  in  the  case  of  metals  is  not  surprising,  since, 
as  a  rule,  metals  are  not  soluble  in  non-metallic  liquids. 

It  is  unsafe  to  draw  conclusions  relative  to  the  constitution  of  chemical 
compounds  from  their  behavior  in  the  solid  state,  for  it  is  well  known 
that  in  this  state  the  various  elements  of  the  compound  exist  tmder  the 
action  of  forces  which  tend  to  arrange  them  in  a  compact  and  orderly 
manner,  more  or  less  irrespective  of  the  nature  of  the  forces  which  may 
be  operative  under  other  conditions.  It  wotild  appear  that  the  consti- 
tution of  compounds  could  be  successfully  studied  only  in  the  liquid 
or  vapor  state  at  relatively  low  concentrations,  where  interacting  forces, 
except  such  as  are  primarily  concerned  in  forming  the  compounds  them- 
selves, are  practically  elinainated.  If,  therefore,  we  wish  to  determine 
»Strutt,  Phil.  Mag.,  4,  596   (1902). 
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the  constitution  of  metallic  substances,  it  will  be  necessary  to  obtain  these 
substances  in  a  non-ciystalline  state  at  low  concentrations.  In  the  case 
of  strongly  electropositive  elements,  it  is  to  be  expected  that  the  properties 
will  vary  gradually  from  those  of  a  metal  to  those  of  an  electrolyte  or 
salt,  as  the  concentration  of  the  metal  decreases.  At  very  low  concen- 
trations, assuming  that  no  other  substances  are  present,  it  is  to  be  expected 
that  the  metallic  atom  will  be  a  neutral  complex  possessing  no  metallic 
prcq)erties.  If,  on  the  other  hand,  an  ionizing  medium  were  present,  we 
should  expect  certain  properties  of  the  electronic  compound  to  persist. 
Since  salts  are  ionized  in  electrolytic  solvents  at  low  concentrations,  we 
should  expect  the  metals  to  be  ionized  under  similar  conditions,  and  the 
ionization  should  vary  as  a  ftmction  of  the  concentration  in  a  similar 
manner.  It  is  possible,  and  indeed  probable,  that  at  very  low  concen- 
trations the  negative  electron  will  no  longer  possess  that  freedom  of  motion 
which  is  characteristic  of  the  metaUic  state.  For,  even  though  the  solvent 
molecules  were  incapable  of  forming  a  stable  complex  with  the  negative 
electron,  it  is  to  be  expected  that,  owing  to  the  action  of  their  field,  the 
electrons  wotdd  be  associated  with  the  solvent  molecules  with  a  con- 
sequent reduction  of  their  mobility.  This  is  known  to  be  the  case  in 
gaseous  systems,  where  the  negative  electron  may  readily  be  formed  by 
means  of  external  radiations.  At  ordinary  pressures,  the  mobility  of 
the  negative  electron  is  as  low  as,  or  even  lower  than,  that  of  positive  ions. 
It  is  only  at  low  concentrations  of  the  gas  that  the  mobility  of  the  negative 
electron  becomes  comparable  with  that  which  might  be  expected  of  free 
electrons.  It  may  be  expected  that  in  many  instances  the  negative  electron 
will  form  more  or  less  stable  complexes  with  the  solvent  medium,  in  which 
case,  practically,  salts  will  be  formed.  Such  S3rstems  will  not  be  metallic 
at  high  concentrations. 

The  question  to  be  determined  is  this:  what  elements  are  capable 
of  forming  stable  complexes  with  negative  electrons?  Let  us  suppose, 
for  example,  that  both  sodium  and  tin  were  soluble  in  a  given  solvent. 
What  would  be  the  properties  of  such  a  solution  at  low  concentrations? 
While  in  the  pvxe  state,  tin  is  a  metallic  element  which  presumably  fur- 
nishes free  negative  electrons  in  this  state;  on  the  other  hand,  it  is  well 
known  that  tin  forms  many  compounds  which  are  relatively  non-salt- 
like in  property.'  Is  it  not  conceivable,  therefore,  that  in  such  a  mixture 
tin  would  associate  itself  with  the  negative  electron  to  form  a  stable  com- 
plex, namely,  a  tin  anion?  It  is  well  known  that  sodium  and  tin  form  a 
series  of  relatively  stable  compounds.  Assuming  the  existence  of  a  sol- 
vent in  which  these  compounds  were  soluble,  we  may  inquire  as  to  what 
would  be  the  properties  of  these  solutions.  From  what  has  already  been 
said,  it  is  clear  that,  whatever  the  nature  of  these  compounds  may  be, 

'  For  example,  stannic  chloride. 
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it  is  not  to  be  expected  that  dilute  solutions  of  such  compounds  will  be 
metallic.  Even  solutions  of  the  alkali  metals  themselves,  in  the  presence 
of  a  non-reactive  solvent,  in  other  words,  a  solvent  with  which  the  alkali 
metals  form  no  compounds,  lose,  to  a  large  extent,  their  characteristic 
metallic  properties  at  low  concentrations.  We  are  led  to  conclude  that 
solutions  of  metallic  compoimds  at  low  concentrations  will  exhibit  purely 
non-metallic  properties,  or,  possibly,  salt-like  properties,  since  it  is  con- 
ceivable, or  even  probable,  that  the  more  electronegative  metallic  elements 
may  form  stable  complexes  with  negative  electrons  supplied  by  the  more 
electropositive  metals.  We  may  inquire  whether  there  are  available 
any  facts  indicating  that  compounds  of  strongly  electropositive  elements 
with  less  electropositive  metallic  elements  are  salt-like  in  character.  As 
will  be  shown  below,  numerous  metallic  compounds  exist  whose  properties 
are  fully  in  harmony  with  this  view. 

n.    The  Negative  Valences  of  Metallic  Elements 

According  to  present  views  regarding  the  structure  of  matter,  elementary 
substances  (excepting  elements  of  the  argon  group)  may  be  expected  to 
exhibit  either  electropositive  or  electronegative  valence.  The  concep- 
tion has  frequently  been  employed  in  accoimting  for  the  structure  of 
compoimds  among  non-metallic  elements  but  appears  not  to  have  been 
extended  to  compounds  among  metallic  elements.  A  priori,  there  is  no 
reason  why  an  element  which  ordinarily  exhibits  a  fairly  strong  electro- 
positive valence  might  not  be  expected  to  exhibit,  likewise,  a  fairly 
strong  electronegative  valence.  This  is  unquestionably  the  case  with 
hydrogen  which,  in  combination  with  strongly  electronegative  elements, 
appears  to  be  positively  charged  or,  at  any  rate,  is  associated  with  the 
positive  ion,  while  in  the  hydrides  of  the  strongly  electropositive  elements 
it  is  negatively  charged.' 

The  normal  compounds  of  the  strongly  electropositive  elements  with 
sulfur,  selenium  and  telliuiimi  are  non-metallic.  On  the  other  hand, 
similar  compoimds  with  arsenic,  antimony  and  bismuth  are  metallic. 
The  greater  the  atomic  niunber  of  an  element,  and  the  farther  it  Ues  re- 
moved from  the  seventh  group  of  elements,  the  more  pronounced  are  the 
metallic  properties  of  its  compounds  with  more  electropositive  elements. 
So,  the  compounds  of  the  alkali  metals  with  antimony  and  bismuth  are 
more  metallic  than  those  with  arsenic  and  phosphorus.  Similarly,  the 
compoimds  of  sodium  with  mercury  and  lead  are  more  distinctly  metallic 
than  those  with  bismuth  and  tellurium.  Sodium  forms  with  antimony 
the  compound  Na^Sb.  /  There  is  no  reason  for  believing  that  this  compound 
differs  essentially  from  the  nitride  NajN,  or  the  phosphide  NatP,  on  the 
one  hand,  or  from  the  sulfide  Na2S  or  the  telluride  NaiTe,  on  the  other. 
•Moers.  Z.  anor.g  Chem.,  113,  179  (1920). 
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In  the  fourth  group,  lead  and  tin  form  stable  compotmds,  Na4Pb  and  Na4Sn, 
in  which  these  elements  may  be  assumed  to  exhibit  a  negative  valence  of  4. 
It  appears,  then,  that  the  elements  of  the  sixth  group  exhibit  a  marked 
negative  valence  of  2,  those  of  the  fifth  group  of  3,  and  those  of  the  fourth 
group  of  4.  The  compoimds  in  which  the  elements  appear  combined 
according  to  these  proportions  are  relatively  very  stable,  as  is  indicated 
by  their  melting-point  diagrams,  and  the  heat  effects  accompanying  their 
formation.  While  the  compounds  of  the  heavier  metals  of  the  fourth 
and  fifth  groups  are  metallic,  those  of  the  sixth  groups  are  non-metallic. 
It  follows  that  the  compoimds  of  the  elements  of  the  various  groups  are 
essentially  of  the  same  nature.  In  other  words,  the  property  of  metal- 
Ucity  does  not  involve  a  fimdamental  difference  between  the  structine 
of  such  compoimds  and  the  structures  of  non-metalUc  compounds. 

The  question  may  be  raised:  if  the.  more  electronegative  elements  in 
metalUc  compounds  are,  in  fact,  negatively  charged,  why  have  we  no 
data  which  indicate  the  existence  of  such  negative  ions?  The  answer 
to  this  question  is  obvious;  the  compptmds  in  question  have  not  been 
studied  imder  conditions  in  which  such  properties  might  be  expected  to 
be  disclosed.  As  we  shall  see  below,  under  suitable  conditions,  com- 
poimds of  this  type  yield  conclusive  evidence  of  the  existence  of  negative 
ions  of  metallic  elements. 

m.    Complex  Negative  Ions  of  Metallic  Elements 

A  difficulty  which  confronts  any  theory  of  the  constitution  of  metallic 
compotmds  Ues  in  the  multiplicity  of  compounds  derivable  from  a  single 
pair  of  metaUic  elements.  Thus  sodium  and  tin  form  the  compounds 
Na4Sn,  NasSn,  Na4Sn3,  NaSn  and  NaSn2.  Writers  on  this  subject  have 
been  misled  in  that  they  have  looked  upon  the  compositional  formulas 
as  indicative  of  the  constitution  of  these  compotmds.  When  such  writers 
have  expressed  an  opinion  as  to  the  nature  of  such  compounds  they  have, 
as  a  rule,  been  inclined  to  take  the  position  that  in  these  compounds  the 
atoms  are  held  together  by  forces  essentially  different  from  those  opera- 
tive in  the  case  of  non-metaUic  compounds.*  Too  much  emphasis  has 
been  placed  upon  the  proportions  in  which  the  various  atoms  combine. 
Apparently,  no  attempt  has  been  made  to  discover  to  what  extent  the 
various  atoms  entering  into  metallic  compounds  exist  in  the  same  condition. 
In  a  compound  of  the  type  NaSn2,  for  example,  are  all  the  tin  atoms 
present  in  the  same  condition,  in  other  words,  are  all  the  tin  atoms  of  this 
compotmd  equivalent;  or  do  these  compotmds  possess  a  definite  structture 
in  which  the  relation  of  tin  atoms  to  the  soditun  atoms  differs  for  different 
atoms? 

The  argtunent  will  perhaps  be  clearer  when  it  is  recalled  that  the  tendency 
*  Tammann,  "Lehrbuch  der  Metallographie/'  Leopold  Voss,  1914,  p.  230. 
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of  relatively  electronegative  atoms  to  form  stable  negatively  charged 
complexes  is  very  pronounced.  Thus,  we  have  such  complexes  as  the 
sulfate  ion,  nitrate  ion,  chlorate  ion,  perchlorate  ion,  etc.  In  these  com- 
plexes the  elements  are  arranged  in  a  definite  manner  tmder  all  conditions, 
whether  in  the  solid  or  the  fused  state  or  in  solution.  Furthermore,  the 
nature  of  these  complexes  is  not  materially  affected  by  the  nature  of 
the  electropositive  constituent  with  which  they  appear  combined.  Very 
striking,  for  example,  is  the  trinitride  ion,  Ns",  in  which  three  nitrogen 
atoms  appear  combined  to  form  a  stable,  singly  charged  complex  anion. 
This  tendency  of  electronegative  elements  to  form  complexes  is  one  much 
more  common  than  has  hitherto  been  suspected.  This  is  particularly 
true  of  complexes  in  which  a  single  element  is  concerned.  The  most 
familiar  example  of  this  tjrpe  of  complex  anion  is  the  tri-iodide  ion.  It 
has  been  shown  that  it  is  a  general  property  of  the  iodide  ion  to  associate 
with  itself  two  additional  atoms  of  iodine  to  form  a  relatively  stable 
complex.  In  solution,  an  equilibrium  exists  between  the  simple  iodide 
ion  and  the  complex  ion.  In  the  solid  state  the  iodides  include  MI,  MI3, 
MIb,  MI7  and  MI9,  where  M  is  a  univalent  element.'  Among  other  ele- 
ments which  exhibit  a  similar  tendency  to  form  complex  ions,  only  the 
complex  sulfide  ion  has  been  studied  extensively."  It  has  been  shown 
that  the  normal  sulfide  ion  takes  up  additional  sulfur  to  form  a  series  of 
complex  anions,  S.S~ ,  828--,  SsS"- ",  848--,  858--.  Thus  far,  the 
complex  sulfides  have  been  studied  only  in  aqueous  solution.  However, 
this  property  of  the  sulfide  ion  to  form  complexes  with  additional  sulfur 
atoms  is  not  restricted  to  aqueous  solutions,  but  is  one  common  to  sulfides 
in  numerous  solvents.  There  is  evidence  indicating  that  selenium  and 
telliuium  similarly  form  complex  ions,  although  only  the  complex  telluride 
ion  has  been  studied  in  some  detail  in  aqueous  solution.^  May  we  not 
infer  that  other  elements  than  those  of  the  sixth  and  seventh  groups  ex- 
hibit a  pronounced  tendency  to  form  complex  anions?  This  hypothesis 
would  account,  for  the  most  part,  for  the  large  number  of  compounds 
formed  from  a  single  pair  of  metallic  elements. 

We  may,  indeed,  proceed  one  step  further  and  suggest  that  the  atoms  in 
an  elementary  substance  do  not  all  function  in  the  same  manner.  Is  it 
not  conceivable  that  many  elements  are,  in  effect,  compounds  in  which 
certain  atoms  act  electropositively  and  others  electronegatively?  This 
would  account  for  many  of  the  properties  of  the  less  distinctly  electro- 
positive metallic  elements. 

■  Abel  and  Halle,  Abegg's  "Handbuch  der  anorganischen  Chemie/'  S  Hirzel,  1913, 
IV,  2,  p.  432. 

•Kuster  and  Heberlein,  Z.  anorg.  Ch^m.,  43,  53  (1905);  Kuster,  ibid.,  44,  431 
(1905);   46,  113  (1905). 

7  Tibbals,  This  Journal,  31,  902  (1909). 
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IV.    The  Nature  of  Metallic  Substances  Dissolved  in  Liquid  Ammonia 

One  of  the  great  diflSculties  encountered  in  the  study  of  the  nature  of 
metaUic  substances  lies  in  the  fact  that  these  substances  can  be  obtained 
only  in  the  pure  state  or  dissolved  in  other  metallic  substances.  It  is 
difl&cult,  therefore,  to  determine  to  what  extent  the  properties  of  the  re- 
sulting system  are  due  to  a  given  constituent.  As  has  already  been  pointed 
out,  the  state  of  a  system  is  largely  dependent  upon  its  concentration. 
If  the  concentration  of  a  given  constituent  may  be  altered  by  the  intro- 
duction of  a  scQond  constituent  whose  properties  differ  markedly  from  those 
of  the  first,  then  a  study  of  the  manner  in  which  the  properties  of  the  first 
constituent  vary  as  a  function  of  concentration  yields  important  informa- 
tion as  to  the  nature  of  the  substance  in  question.  Thus  far,  only  a  single 
class  of  solvents  has  been  discovered  in  which  metallic  substances  are 
more  or  less  generally  soluble,  namely,  Uquid  ammonia  and  the  amines. 
In  addition  to  the  alkali  metals  and  the  metals  of  the  alkaline  earths, 
liquid  ammonia  dissolves  a  number  of  metallic  compoimds.* 

Let  us  consider,  first,  the  properties  of  metallic  elements  dissolved  in 
liquid  ammonia.  It  has  been  conclusively  shown  that  solutions  of  the 
strongly  electropositive  elements  in  liquid  ammonia  exhibit  properties 
intermediate  between  those  of  metals  and  electrolytes,  the  properties 
varying  continuously  as  a  function  of  concentration.  •  At  very  low  con- 
centrations, a  solution  of  an  element  is  virtually  a  solution  of  a  salt,  for 
in  these  solutions  the  positive  ion  exhibits  all  the  properties  characteristic 
of  an  ion  of  a  normal  salt,  while  the  negative  ion  exhibits  many  properties 
similar  to  those  of  anions  of  typical  electrolytes.  The  conducting  power 
of  the  negative  ion,  for  example,  is  comparable  with  that  of  ordinary  nega- 
tive ions.  In  other  respects,  the  properties  of  the  negative  ion  in  dilute 
solutions  of  the  metals  in  ammonia  differ  materially  from  those  of  typical 
electronegative  ions  in  the  same  solvent.  The  chief  difference  lies  in  the 
fact  that,  in  the  typical  anions,  the  negative  electron  is  firmly  associated 
with  an  electronegative  element  or  group  of  elements,  whereas  in  an  am- 
monia solution  of  a  metal  the  negative  ion  consists  essentially  of  a  negative 
electron  rather  loosely  associated  with  ammonia  molecules.  The  electrolytic 
character  of  different  metalUc  elements  is  clearly  exhibited  in  the  ionization 
equilibria  in  ammonia  solution.  The  conductance  curves  of  solutions  of  the 
metals  in  ammonia  at  low  concentrations  are  practically  identical  in  form 
with  those  of  typical  salts  of  the  same  metals  in  this  solvent.  Assuming 
the  degree  of  ionization  to  be  measured  by  the  ratio  of  the  equivalent 
conductance  at  a  given  concentration  to  the  limiting  value  which  the  equiva- 
lent conductance  approaches  at  low  concentration,  the  ionization  of  typical 
metals  in  Uquid  ammonia  is  practically  the  same  as  that  of  the  correspond- 
•  Kraus,  Tms  Journal,  29,  1557  (1907). 
»  Kraus,  ibid.,  43,  749  (1921.);  36,  864  (1914);  30,  1323  (1908). 
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ing  salts  in  the  same  solvent.  Unquestionably,  in  solutions  of  metals  in 
liquid  ammonia  we  are  dealing  with  equiUbria  similar  to  those  in  solutions 
of  the  corresponding  salts. 

Indeed,  we  not  only  have  equilibria  between  different  metals  in  ammonia 
solution;  we  also  have  equilibria  between  the  metals  and  typical  salts  in 
this  solvent.  Solutions  of  metals  in  the  presence  of  salts  of  other  metals 
do  not  yield  reaction  products  when  these  products  are  soluble.  When 
an  insoluble  product  may  be  formed,  however,  this  product  is  precipitated. 
Thus,  metallic  calcium  reacts  with  potassium  chloride  metathetically 
according  to  the  reaction  equation  2KC1  +  Ca  =  CaCl2  +  2K,  insoluble 
calcium  chloride  being  precipitated  and  metallic  potassium  remaining  in 
solution.  If  a  salt  of  a  metal  insoluble  in  ammonia  is  added  to  a  solution 
of  a  metal,  the  insoluble  metal  is  precipitated.  Thus  Agl  +  Na  =  Nal 
+  Ag,  silver  being  precipitated.  In  many  instances,  however,  the  pre- 
cipitated metal  itself  is  capable  of  forming  anions,  in  which  case  a  compound 
of  the  two  metals  is  precipitated.  Thus  BiCla  +  6Na  =  3NaCl  +  NajBi, 
the  bismuthide  being  precipitated  as  a  metallic  compound.  The  behavior 
of  solutions  of  the  metals  in  ammonia  is  similar  to  that  of  solutions  of  salts. 
We  may  conclude,  therefore,  that  at  low  concentrations  the  metals  are, 
in  fact,  salt-like  in  character. 

At  higher  concentrations,  certain  properties  of  the  metal  solutions  be- 
gin to  diverge  markedly  from  those  of  solutions  of  non-metallic  substances. 
This  change  in  the  properties  of  solutions  of  metallic  substances  is  to  be 
ascribed,  primarily,  to  the  fact  that  the  negative  electron  is  freed  from 
its  association  with  atoms  or  groups  of  atoms  at  high  concentrations. 
As  a  consequence,  the  conductance  of  solutions  at  higher  concentrations 
becomes  sufficiently  great  to  impart  to  them  distinctly  metalUc  properties. 
There  is  nothing  to  indicate  that  the  nature  of  the  metal  in  solution  has 
been  greatly  altered  at  higher  concentrations.  In  other  words,  at  higher 
concentrations,  the  electropositive  constituent  continues  to  exist  as  a  posi- 
tive ion,  while  the  electronegative  constituent  yields  free  negative  elec- 
trons as  a  result  of  which  the  metallic  properties  appear.  What  portion 
of  the  total  number  of  negative  electrons  in  a  metalUc  element  at  higher 
concentrations  actually  takes  part  in  the  conduction  process  cannot  be 
stated.  It  is  not  imUkely  that,  in  the  alkali  metals,  the  greater  portion 
of  the  negative  electrons  are  in  a  condition  in  which  they  are  capable 
of  carrying  the  ciurent. 

If  the  metallic  elements  themselves  are  salt-like  in  character,  then 
there  is  all  the  more  reason  for  believing  that  metallic  compounds^^likewise 
are  salt-like,  particularly,  compounds  in  which  one  of  the  elements  is  strongly 
electropositive  and  the  other  strongly  electronegative.  Here,  again, 
solutions  in  liquid  ammonia  supply  definite  information  relative  to  the 
constitution  of  metallic  substances.    Various  compounds  of  the  alkali 
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metals  with  the  heavy  metals  of  the  fourth,  fifth  and  sixth  groups  are 
very  soluble  in  Uquid  ammonia.  In  general,  the  solutions  of  such  metallic 
compounds  are  characteristically  colored,  but  they  exhibit  no  marked 
metallic  properties  except,  possibly,  at  very  high  concentrations.*  So, 
for  example,  concentrated  solutions  of  a  compotmd  of  sodium  and  lead 
xehibit  a  distinct  metaUic  luster,  somewhat  of  a  violet  tint. 

The  important  question  to  be  answered  is:  what  is  the  nature  of  these 
metallic  compounds  in  solution?  In  the  first  place,  it  is  to  be  noted  that 
the  process  of  solution  and  precipitation  of  such  metallic  compounds  is 
a  reversible  one  and  is  accompanied  by  a  relatively  small  energy  change, 
which  indicates  that,  if  ammonia  is  associated  with  these  compounds 
in  solution,  such  association  is  purely  of  a  secondary  nature.  There  is 
nothing  to  indicate  that  the  compounds  in  solution  differ  materially  in 
nature  from  the  same  compounds  in  the  solid  state.  If  metaUic  compounds 
are  salt-like  in  character,  we  should  expect  that  in  solution,  at  low  concen- 
trations, the  more  electropositive  element  would  be  present  as  a  normal 
cation  and  the  electronegative  element  as  an  anion.  By  analogy,  we 
should  expect  the  metals  of  the  sixth  group  to  form  divalent  anions,  of 
the  fifth  group  trivalent  anions,  and  of  the  fourth  group  quadrivalent 
anions.  Whether  the  metals  of  the  third  group  form  quinquevalent 
anions  is  uncertain,  since  only  thallium  forms  a  soluble  compound,  and 
its  solubiKty  is  so  low  that  its  nature  cannot  readily  be  determined.^® 
It  is  possible,  too,  that  the  negative  valence  of  a  metaUic  anion  may  be 
variable,  just  as  the  positive  valence  of  the  same  metal  is  often  found  to 
be  variable.  This  tendency  to  variation  in  electronegative  valence, 
if  it  exists,  might  be  expected  to  become  more  pronounced  as  the  element 
becomes  more  electropositive. 

Whether  a  solution  of  a  compound  is  an  electrolyte  is  readily  determined 
by  subjecting  it  to  electrolysis.  Sodium  reacts  with  metallic  lead  in 
liquid  ammonia,  giving  a  solution  containing  approximately  2.25  atoms 
of  lead  per  atom  of  sodium.  ^^  Leaving  aside  for  the  moment  the  precise 
nature  of  the  compound  in  question,  we  should  expect  that,  if  the  lead  is 
associated  with  the  anion,  2. 25  atoms  of  lead  would  be  precipitated  on  the 
anode  when  one  equivalent  of  electricity  passes  through  the  solution. 
That  solutions  of  the  sodium-lead  compotmds  are  electrolytes  was  shown 
by  Kraus*  and  later  by  Posnjak  and  by  Smyth."  In  these  solutions 
approximately  2.25  atoms  of  lead  are  precipitated  on  the  anode,  corre- 
sponding to  the  mean  composition  of  the  solution.  Without  question, 
lead  is  present  in  these  solutions  as  a  negative  ion.  That  antimony  is 
present  as  an  anion  in  liquid  ammonia  was  shown  by  Peck,^*  although 

*•  Unpublished  observations  by  Mr.  H.  F.  Kurtz  in  this  laboratory, 
"  Smyth,  Tras  Journal,  39,  1299  (1917), 
»«  Peck,  ibid,,  40,  335  (X918). 
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owing  to  the  difficulty  of  precipitating  the  antimony  on  the  anode  in  co- 
herent form,  the  results  of  electrolysis  do  not  agree  with  the  composition 
of  the  solution  as  satisfactorily  as  in  the  case  of  lead. 

The  nature  of  the  complexes  formed  between  sodium  and  tellurium 
in  liquid  ammonia  solution  has  been  studied  in  some  detail  in  this  Labora- 
tory.^' Briefly,  when  metallic  tellurium  is  introduced  into  a  solution  of 
sodium  in  Uquid  ammonia,  reaction  takes  place  with  great  facility,  re- 
sulting in  the  formation  of  the  normal  telluride,  Na^Te,  which  is  largely 
precipitated  as  a  white,  slightly  crystalline  non-metallic  substance.  This 
telluride  is  slightly  soluble,  and,  in  the  presence  of  metallic  tellurium, 
reacts  further  to  form  complex  tellurides.  In  the  first  stage  of  the  reaction 
the  compound  Na^Tej  is  formed,  the  composition  of  the  solution  in  equi- 
librium with  the  normal  telluride  corresponding  to  this  formula.  In 
the  presence  of  excess  tellurium,  the  normal  telluride  goes  completely 
into  solution,  forming  a  complex  which  probably  has  the  composition 
Na^Tci,  since  this  corresponds  very  closely  with  the  mean  composition 
of  the  solution  at  higher  concentrations. 

The  properties  of  the  complexes  formed  depend  upon  the  amount  of 
tellurium  associated  with  the  anion.  The  normal  telluride,  as  already 
mentioned,  is  a  non-metallic  substance,  only  slightly  soluble  in  liquid 
ammonia.  The  compotmd  Na«Te2  is  extremely  soluble  in  liquid  ammonia 
and  forms  a  deep  violet-blue  solution.  When  precipitated  from  solution, 
this  complex  exhibits  metallic  properties.  The  compound  Na«Te4  is 
Ukewise  extremely  soluble,  forming  a  deep  red  solution  in  liquid  ammonia, 
and  this  compound,  also,  is  metallic  when  precipitated.  It  is  interesting 
to  note  that  the  introduction  of  additional  telluritun  into  the  anion  complex 
converts  the  normal  non-metaUic  telluride  to  a  metallic  substance.  At 
very  low  concentrations,  the  proportion  of  telluritun  present  in  a  solution 
in  equilibrium  with  metallic  telluritun  falls  below  the  value  corresponding 
to  the  formula,  Na«Te4,  but  at  high  concentration  the  composition  of  the 
solution  approaches  a  value  corresponding  to  that  of  this  compound  very 
closely.  It  may  be  inferred  that  at  low  concentrations  an  equilibrium 
exists  between  two  or  more  complexes ;  as,  for  example,  Na«Te4  and  Na^Tci. 
This  is  not  unexpected,  since  the  ionization  and  possibly  other  funda- 
mental properties  of  the  compound  undergo  alteration  as  the  concentrar 
tion  decreases.  In  this,  the  behavior  of  the  compound  does  not  differ 
materially  from  that  of  the  corresponding  complex  sulfides  and  iodides 
in  aqueous  solution. 

It  remains  to  determine  definitely  the  constitution  of  the  complex  tellu- 
ride anion.  This  can  be  done  by  molectdar-weight  determinations  only. 
While  the  determination  of  molecular  weights  at  higher  concentrations 
is  very  uncertain,  owing  to  the  fact  that  the  laws  of  dilute  solutions  are 

>»  C.  Y.  Chiu,  Dissertation,  Clark  University,  1920. 
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not  applicable  and  the  laws  governing  the  equiUbria  in  such  systems  are 
unknown;  by  determining  the  apparent  molecular  weight  at  a  series  of 
concentrations  and  thus  determining  the  manner  in  which  this  quantity 
varies  as  a  function  of  the  concentration,  an  inference  may  be  drawn  as  to 
the  probable  complexity  of  the  substance  in  solution.  Such  a  study  has 
been  carried  out  in  this  Laboratory,  as  a  result  of  which  it  appears  that  the 
anion  carries  two  negative  charges.  ^^  Presumably,  the  anion  consists 
of  a  normal  telluride  ion  Te —  associated  with  additional  telluritun. 
There  are  thus  in  solution  under  various  conditions  the  anions:  Te — , 
TeTe — ,  and  TejTe — .  This  view  of  the  constitution  of  the  complex 
telluride  ion  is  in  harmony  with  the  accepted  theory  of  the  constitution 
of  the  complex  sulfide  ion." 

Peck"  has  shown  that  antimony  forms  a  series  of  complex  anions  in 
liquid  ammonia  solution  in  the  presence  of  a  sodium  ion.  The  initial 
compotmd  here  precipitated  has  the  composition  NasSb,  corresponding 
with  the  normal  electronegative  valence  of  antimony.  It  is  interesting 
to  note  that,  while  the  normal  telluride  is  non-metallic,  the  normal  anti- 
monide  is  metalUc.  The  normal  antimonide  is  only  sUghtly  soluble  in 
liquid  ammonia.  In  the  presence  of  excess  antimony,  the  mean  compo- 
sition of  the  solution  varies  as  a  function  of  concentration.  At  a  concen- 
tration 0.0049  N  in  sodium,  the  atomic  ratio  of  antimony  to  sodium  in 
solution  is  1 .  198,  differing  thus  very  little  from  a  proportion  of  one  atom 
of  antimony  to  one  atom  of  sodium.  At  higher  concentrations  the  pro- 
portion of  antimony  to  that  of  sodium  increases,  reaching  a  maximum  of 
2. 333  atoms  of  antimony  per  atom  of  sodium  at  a  concentration  0.4347  N. 
At  still  higher  concentrations,  the  proportion  of  antimony  to  sodium 
decreases  slightly. 

The  complexity  of  the  anion  in  the  antimony  solutions  has  not  been 
determined,  but  it  appears  probable  that  the  nature  of  the  anion  in  anti- 
mony solutions  does  not  differ  materially  from  that  of  the  corresponding 
ion  in  tellurium  solutions.  Accordingly,  the  antimony  anion  carries 
3  negative  charges,  corresponding  to  those  of  the  normal  antimonide  ion. 
Otherwise,  it  would  be  necessary  to  assiune  that  the  electronegative 
valence  of  antimony  changes  as  a  function  of  the  proportion  of  antimony 
present  in  the  solution.  This  assumption  appears  improbable.  The 
highest  atomic  ratio  in  the  antimony  solutions  corresponds  to  the  formula 
NatSb.Sb«. 

The  ratio  of  sodium  to  lead  in  the  lead  solutions,  as  already  stated, 
is  approximately  2.25  atoms  of  lead  per  atom  of  sodium,  and  this  ratio 
appears  to  be  independent  of  the  concentration.  The  normal  plumbide 
is  Na4Pb.     Unless  the  electronegative  valence  of  lead  changes,  as  additional 

>*  E.  H.  Zdtfuchs,  DissertaUon,  Clark  University,  1921. 
^•Kuster  and  Heberlein.  Ref.  6. 
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lead  is  combined  with  the  anion,  the  complex  in  solution  corresponds  to 
the  formula  Na4Pb.Pb8. 

In  the  accompanying  figure  the  ratio  of  antimony  to  sodium  is  repre- 
sented by  Curve  A,  that  of  tellurium  to  sodium  by  Curve  B,  and  that  of 
sulfur  to  sodium  in  aqueous  solutions  by  Curve  C.  The  similarity  of  the 
curves  is  tmmistakable. 

The  results  above  given  clearly  show  that  solutions  of  compounds  of 
the  less  electropositive  metallic  elements  with  strongly  electropositive 
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Pig.  1. — ^The   cbange  in  the  compositions  of  solutions  due  to 
complex  formation. 

metallic  elements  are  electrolytes,  the  more  electronegative  element  form- 
ing an  anion,  the  number  of  charges  on  which  corresponds  with  its  position 
in  the  periodic  system.  In  the  presence  of  excess  of  the  less  electro- 
positive metal,  the  normal  anion  reacts  with  the  free  metal  to  form  com- 
plex anions.  The  property  of  telliuium,  selenium,  antimony,  bismuth, 
lead  and  tin  to  form  complex  anions  indicates  that  this  property  is  in  all 
likelihood  a  general  property  of  metallic,  as  well  as  of  non-metallic  ele- 
ments. Indeed,  if  anything,  this  property  is  more  pronounced  in  the  more 
metallic  elements  than  it  is  in  the  less  metallic  elements.  That  the  so- 
lutions of  the  compounds  in  question  are  electroljrtic  may  be  accepted 
as  an  established  fact.  If  the  solutions  of  these  substances  are  electro- 
lytic, then  it  seems  possible,  and  indeed  probable,  that  the  compounds 
themselves  in  a  free  state  are  salt-like  in  character;    that  is,  the  more 
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electropositive  element  is  present  as  cation  and  the  more  electronegative 
element  as  a  more  or  less  complex  anion.  In  what  manner  the  metallic 
properties  of  these  substances  are  related  to  their  constitution  still  remains 
uncertain.  In  the  case  of  the  telluriiun  compounds,  however,  the  conclusion 
seems  inescapable  that  the  metaUic  properties  are  due  to  the  excess  of  tel- 
lurium atoms  in  the  complex  anion,  for  the  normal  telliuide  itself  is  non- 
metallic  while  the  complex  telliuides  are  metaUic.  It  should  be  borne 
in  mind  that,  while  the  negative  electrons  are  firmly  attached  to  the  elec- 
tronegative constituent  at  low  concentrations,  some  of  these  electrons 
may  readily  become  movable  at  high  concentrations,  for  the  pure  element 
itself  is  metallic.  At  suflSciently  high  concentrations  of  the  metal  or  in 
the  pure  state,  various  interactions  arise  between  the  charges  present  in 
the  molecular  complex,  as  a  result  of  which  the  negative  electrons,  in  part 
at  least,  acquire  freedom  of  motion. 

V.    Reaction  of  Metallic  Compounds  in  Liquid  Anmionia  Solution 

The  behavior  of  solutions  of  metallic  compounds  in  liquid  ammonia 
clearly  indicates  that  these  substances  are  true  electrolytes.  They  exist 
in  solution  in  equiUbrium  with  other  electrolytes  as  do  ordinary  salts  and 
they  react  with  other  electrolytes  in  a  similar  manner.  They  undergo 
metathetical  reactions  the  course  of  which  is  determined  by  the  solubility 
of  the  compounds  formed.  With  ordinary  salts  they  form  metaUic  com- 
pounds which  are  precipitated  from  solution  when  these  are  insoluble, 
while  they  remain  in  solution  when  soluble.  Thus  the  lead  compound 
reacts  with  a  cadmium  salt  according  to  the  equation,  NajPb  -f  Cd- 
(NOs)2  =  2NaNOs  +  CdPb,,  the  compound  CdPb,  bemg  precipitated. 
Whether  this  compound  will  remain  as  such  after  precipitation  depends 
upon  its  stability  and  on  other  factors.  This  point  has  not,  as  yet,  been 
fully  cleared  up.  On  the  other  hand,  with  metallic  calcium,  a  reaction  takes 
place  according  to  the  reaction  equation,  K2Pbx  +  Ca  =  CaPb,  +  2K. 
Here  calcium  plumbide  is  precipitated  while  metallic  potassium  remains 
in  solution. ^^  With  an  ammonium  salt  the  following  reaction  occurs: 
NaPb,  -f  NH4I  =  Nal  +  NHiPb^.  The  resulting  plumbide,  however, 
is  unstable,  as  might  be  expected,  and  decomposition  occurs  at  once  on 
precipitation  with  the  formation  of  ammonia  and  the  evolution  of  hydro- 
gen, while  pure  lead  is  left  behind. 

Very  interesting  is  the  case  in  which  an  electronegative  ion  of  a  metal 
is  precipitated  by  means  of  an  electropositive  ion  of  the  same  metal. 
For  example,  sodium  plumbide,  on  the  addition  of  lead  nitrate,  precipi- 
tates lead  according  to  the  equation,  Na4Pb9  +  2Pb(N03)2  =  Pb2Pb9  -f- 
4NaN03.  The  precipitated  lead  may  here  be  looked  upon  as  a  lead 
plumbide.  Whether  or  not  the  various  lead  atoms  in  the  resulting  pre- 
cipitate are  equivalent  to  one  another  or  whether  they  differ  remains 
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undetennined.  It  is  conceivable  that,  in  the  case  of  metals  which  are 
fairly  electropositive  and  which,  at  the  same  time,  exhibit  a  pronounced 
electronegative  valence,  the  metal  in  the  pm-e  state  may  exist  in  the  form 
of  a  compound,  a  portion  of  the  atoms  being  positively  charged  and  another 
negatively  charged.  Many  facts  are  in  harmony  with  such  an  hypothesis. 
It  is  well  known  that  the  more  electronegative  elements,  such  as  selenium,** 
tellurium,*^  arsenic**  and  antimony,"'**  are  complex  in  the  vapor  state. 
It  is  not  unreasonable  to  assume  that  in  these  complexes  some  of  the 
atoms  function  electropositively  and  others  electronegatively.  Further- 
more, if  these  elements  are  complex  in  the  vapor  state,  then  there  is  all 
the  more  reason  for  believing  that  they  are  likewise  complex  in  the  liquid 
state  and,  indeed,  in  this  state  their  complexity  may  be  expected  to  be 
relatively  high.  It  is  well  known  that  sulfur  in  the  liquid  state  is  complex 
and  certain  facts  indicate  that  selenium  and  tellurium  in  the  solid  state 
are  complex.  Natiu-ally,  the  complexity  of  vapors  varies  as  a  fimction 
of  the  temperatiure,  the  more  complex  molecules  breaking  down  at  higher 
temperatures.  It  appears  probable  that  in  these  complexes  the  various 
atoms  are  not  identically  involved. 

This  hypothesis  is  in  harmony  with  many  facts  relating  to  liquid  and 
solid  metals.  If  the  values  of  the  equivalent  conductance  of  various 
metallic  elements  are  compared  at  ordinary  temperatures,  it  will  be  found 
that  the  strongly  electropositive  elements  are  the  best  conductors,  while 
the  more  electronegative  metalUc  elements  are  relatively  very  poor  con- 
ductors. The  question  arises:  to  what  is  the  difference  in  the  conduc- 
tance of  the  various  elements  to  be  ascribed?  Is  it  due  entirely  to  a  differ- 
ence in  the  resistance  which  the  electrons  experience  in  their  motion,  or 
is  it  in  part  due  to  the  fact  that  a  smaller  number  of  electrons  are  available 
in  a  given  voliune?  If  compounds  are  formed  between  different  atoms  of 
a  given  element,  some  of  which  are  charged  positively  and  others  negatively, 
then  we  shotdd  expect  that  those  elements  which  exhibit  the  greatest 
tendency  to  form  compounds  of  this  type  would  exhibit  the  lowest  equiva- 
lent conductance.  In  the  following  table  are  given  values  of  the  equiva- 
lent conductances  of  various  metallic  elements. 

Tablb  I 
Equivalent  Conductances  of  Some  Metallic  Elements 

Metal                  Eq.  Cond.  X10«            Metal  Eq.  Cond.  XIO* 

Silver 6.999                Zinc 0.866 

Potassium 6.503                Indium 0.635 

Sodium 5.288                Strontium 0.360 

Rubidium 4 .845                Thallium 0 .326 

Copper 4.559                Tin 0  313 


'« BrockmoUer,  Z.  physik.  Chem.,  81,   129  (1912). 
"  Dobbie  and  Fox,  Proc.  Roy.  Soc.,  98A,  149  (1921). 
>•  Biltz  and  V.  Meyer,  Z.  physik.  Chem.,  4,  263  (1889). 
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Gold 4.647               Lead 0.2306 

Cesium 3.808               Antimony 0.1663 

Magnesiimi 1.607                Arsenic 0.1246 

Lithium 1.634                Mercury 0.0782   (liquid) 

Aluminum 1.278                Gallium 0.0736 

Calcium 1.228               Bismuth 0.0667 

Cadmium 0.937 

It  will  be  observed  that  the  metals  of  the  first  group  and  the  metals  of  the 
alkaline  earths  possess  the  highest  conducting  power.  As  the  positive 
valence  of  the  element  increases,  its  equivalent  conductance  in  general 
decreases.  Such  elements  as  lead,  tin,  bismuth,  antimony,  arsenic  and 
telliuium,  which  exhibit  a  great  tendency  to  form  complex  anions,  likewise 
exhibit  a  low  value  of  the  equivalent  conductance.  May  we  not  conclude, 
therefore,  that  the  less  electropositive  metallic  elements  are  not  homo- 
genous; that  is,  that  the  various  atoms  in  these  elements  do  not  find 
themselves  in  the  same  condition  in  the  Uquid  and  possibly  in  the  ^olid  state. 

VI.  The  Nature  of  Metallic  Compounds  of  the  Salt  Type 
Having  shown  that  various  metallic  compotmds  dissolved  in  liquid 
ammonia  are  salt-like  in  character,  we  may  extend  the  results  obtained  to 
compounds  which  are  not  soluble  in  this  solvent.  So  far  as  the  properties 
of  these  compounds  are  concerned,  there  is  nothing  to  indicate  that  they 
differ  materially  from  other  compounds  whose  properties  in  solution  have 
been  studied.  For  example,  there  is  nothing  to  indicate  that  the  com- 
pounds of  sodium  with  mercury  differ  materially  from  those  of  sodium 
with  tin  or  lead. 

One  of  the  most  remarkable  facts  in  connection  mth  intermetallic 
compoimds  is  the  multiplicity  of  compounds  derivable  from  a  given  pair 
of  metalUc  elements.  This  difficulty,  which  appears  as  an  insurmountable 
obstacle  to  the  extension  of  our  valence  conceptions  to  intermetallic 
compounds,  is  at  once  resolved  when  we  take  into  account  the  great  ten- 
dency of  metallic  elements  to  form  complexes.  The  existence  of  complex 
metallic  anions  has  been  conclusively  shown  as  a  consequence  of  the  re- 
sults obtained  in  the  study  of  solutions  of  metallic  compounds  in  liquid 
ammonia.  Whether  complex  cations  may  Ukewise  exist  is,  at  the  present 
time,  uncertain.  It  is  possible,  however,  that  such  is  the  case.  Further- 
more, the  data  relative  to  the  composition  of  metallic  compounds  are  based 
largely  on  the  properties  of  metals  in  the  solid  state ;  that  is,  on  the  melting- 
point  diagrams.  Compounds  may  appear  in  a  solid  state  which  have  a 
relatively  low  stability  in  the  liquid  mixture;  in  other  words,  even  very 
weak  forces  may  lead  to  the  formation  of  compounds  in  the  soUd  state. 
So,  for  example,  sodium  and  potassium  form  a  compound  NaK.  Un- 
questionably this  compound  has  a  relatively  low  stability.  At  low  con- 
centrations such  a  compoimd  might  be  expected  to  be  completely  dis- 
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sociated,  in  all  likelihood,  into  atoms  of  sodium  and  of  potassium.  Dis- 
solved in  liquid  ammonia,  mixtures  of  soditun  and  potassium  give  no 
indications  whatsoever  of  the  existence  of  a  compound.  ^*  It  is  probable 
that  many  of  the  compoimds  in  which  it  would  otherwise  be  necessary  to 
assimie  a  complex  electropositive  constituent  are  of  this  t)rpe;  that  is, 
they  are  relatively  tmstable  complexes  which  are  largely  restricted  to  the 
soUd  state. 

The  physical  properties  of  metallic  compoimds  are  in  harmony  with  the 
theory  of  their  constitution,  as  here  outlined.  The  conductance  of  metallic 
compounds  in  the  solid  state  is  almost  invariably  lower  than  that  of  one 
of  the  constituents  and  is  often  lower  than  that  of  both  constituents. 
This  is  the  more  true  the  more  electropositive  one  constituent  and  the 
more  electronegative  the  other.  It  may  be  inferred  that  the  low  conduc- 
tance of  intermetallic  compounds  of  this  type  is  due  to  the  fact  that  many 
of  the  electrons  are  more  or  less  bound  up  in  the  structure  of  the  compound. 
The  more  electronegative  elements  in  these  compoimds  presumably  bind, 
more  or  less  firmly,  a  portion  of  the  electrons  available  in  such  systems. 
In  Table  II  are  given  values  of  the  specific  conductance  of  a  number  of 
metallic  compounds.  Following  the  formula  of  the  compound  at  the  head 
of  each  column,  the  values  of  the  specific  conductance  multiplied  by  10~* 
are  given  in  order  for  the  first  element  appearing  in  the  formula  of  the 
compound,  for  the  compound  itself,  and  finally  for  the  second  element  in  the 
formula. 

Tabi,«  II 
Specific  Conductance  of  Mbtai^wc  Compounds 
Compound        MgsSn     MgCuz    MgtCu    MgZns    MgaBig  MgAl    Mg^AJs 

23.0  23.0        23.0        23.0        23.0      23.0      23.0 
/iXlO-* 0.092     19.4  8.38        6.3  0.76      2.63      4.63 

8.60      64.1         64.1         17.4  0.84    35.1       35.1 

Compound        MnAU  FeAU  NiAlj  AgsAU  AgjAl  AgMg  AgMgs 

22.7  11.0  8.51  68.1  68.1  68.1  68.1 

/iXlO-* 0.20  0.71  3.47        3.85  2.75  20.52      6.16 

35.1  35.1  35.1  35.1  35.1  23.0  23.0 

Compound        AgaSb  TejSbj  TeSn  TejBiz  CuaAs 

68.1  0.017  0.017      0.017  64.1 

/iXlO-* 0.93        0.48  0.97        0.045  1.70 

2.56        2.56  8.60        0.84  2.85 

The  low  values  of  the  conductance  of  magnesium  stannide,  MgaSn,  and 
of  the  compounds  of  aluminum  are  particularly  striking.  Unless  we 
asstune  that  some  of  the  electrons  are  bound  within  the  structure  of 
these  compounds,  it  is  difficult  to  account  for  the  low  value  of  the  conduc- 
tance of  these  substances. 

"  Kraus,  This  Journal,  43,  756  (1921). 
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In  the  case  of  compounds  in  which  the  more  electronegative  constituent 
is  non-metallic  in  the  elementary  state,  the  conductance  is  often  very  low. 
In  Table  III  are  given  values  of  the  specific  conductance  of  a  number  of 
compotmds  of  this  t3rpe.  As  may  be  seen  from  this  table,  the  specific 
conductance  of  some  compounds  is  very  low  while  that  of  others  is  as  high 
as  that  of  some  of  the  metallic  elements. 

Tabids  III 
Specific  Conductance  of  Metai<i<ic  Compounds*^ 
Compound  CuS         PbOj       CdO  PbS  FejO,"    FcO** 

mXIO-* 0.85        0.43        0.083        0.042        2.3        0.0116 

Compound  FeS«* 

mXIO-* 0.0042 

"  JL  to  axis.        *  Magnetite.    *  Pyrite. 

It  is  clear  that  the  property  of  metallicity  is  not  confined  to  compoimds 
of  metals  with  other  metallic  elements.  There  is  no  substantial  reason 
for  believing  that  metallic  oxides  and  sulfides  differ  essentially  in  their 
constitution  from  non-metallic  oxides  and  sulfides.  Since  the  latter 
substances  are  clearly  salt-Uke  in  nature,  it  follows  that  the  metallic 
condition  of  a  substance  does  not  preclude  the  possibility  of  a  salt-like 
structure. 

While  many  metallic  compounds  are  differentiated  from  the  elementary 
metals  in  the  low  value  of  their  specific  conductance,  in  other  respects 
their  properties  correspond  closely  with  those  of  elementary  metals. 
For  example,  the  temperature  coefficient  of  the  resistance  of  metallic  com- 
pounds in  the  solid  state  is  of  the  same  order  of  magnitude  as  that  of  me- 
tallic elements  imder  similar  conditions.  This  would  appear  to  indicate 
that  the  conductance  change  in  such  compounds  is  due,  in  all  likelihood, 
to  the  increased  resistance  to  motion,  which  conducting  particles  experi- 
ence at  higher  temperatures,  rather  than  to  a  decrease  in  the  number  of 
such  particles.  This  statement,  however,  applies  only  to  metallic  com- 
potmds in  which  both  constituents  are  relatively  strongly  electropositive. 
In  compounds  in  which  one  of  the  constituents  is  strongly  electronegative, 
the  temperature-resistance  curve  often  differs  greatly  from  that  for  pure 
metals.  In  these  compounds,  at  low  temperatures,  the  resistance  in- 
creases very  largely  with  decreasing  temperature,  approximately  as  an 
exponential  function  of  the. temperature.  At  higher  temperatures,  the 
resistance  passes  through  a  minimum  value,  after  which  it  increases  more 
or  less  normally  as  a  function  of  the  temperature.  It  may  be  inferred  that 
in  these  compounds  at  lower  temperattu-es  a  portion  of  the  electrons  lose 
their  freedom  of  motion  entirely. 

»  Baedeker,  "Die  Elektrischen  Brscheinungen  in  Metallischen  Lei  tern,"  Vieweg, 
1911,  p.  31. 
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The  mechanical  properties  of  metallic  compounds  are  likewise  in 
agreement  with  the  hypothesis  that  these  compomids  are  in  effect  salts. 
Ductility  is  one  of  the  characteristic  properties  of  metallic  elements. 
This  property  is  almost  entirely  lacking  in  salts,  which  are  invariably 
hard,  brittle  substances.  Metallic  compounds  are  as  a  rule  hard  and 
brittle.*^  The  more  electropositive  one  constituent  and  the  more  elec- 
tronegative the  other,  the  more  do  metallic  compounds  resemble  salts  in 
their  mechanical  properties.  It  is  interesting  to  note  that  the  strongly 
electronegative  metallic  elements  are  relatively  hard  and  brittle  in  the 
pure  state.  This  is  what  might  be  expected  if  these  elements  were  com- 
pounds between  positively  and  negatively  charged  atoms  or  atomic  groups 
of  the  same  element. 

The  value  of  the  energy  changes  accompanying  the  formation  of  metallic 
compounds  obviously  has  an  important  bearing  on  the  theory  of  their 
constitution.  While  anything  like  complete  data  is  lacking,  such  data 
as  are  available  as  well  as  qualitative  observations  support  the  view  that 
the  reactions  involved  in  the  formation  of  many  metallic  compounds 
are  similar  to  those  involved  in  the  formation  of  salts. 

Tabi,«  IV 
Hbats  op  Formation  op  Metallic  Compounds  in  Kg.Cal." 

Compound  CuZns^MgZm  MgiAla  CuAU  CtiZnii  CaZiu  CusCdi 

Heat  per  formula  wt.       10.14    24.9       164.8    31.9  199.1    55.6  47.7 

Compound  MgCd   NaCdi  NaCd^  NaHg  NaHg,  NaHg*  KHg, 

Heat  per  formula  wt.       17.7      30.8        60.6     10.3         17.8    Ca.20  20 

Compound  KHg,     Nal       Na,S      Agl  Hgl       Hgl,  PbS 

Heat  per  formula  wt.       Ca.33    69.1        89.3     13.8        14.2    25.2  20.3 

In  Table  IV  are  given  values  for  the  heats  of  formation  of  a  number  of 
metallic  compounds.  The  energy  change  accompanying  the  formation 
of  the  compound  MgiAU  is  particularly  striking,  being  approximately 
40  Cal.  per  atom  of  Mg.  This  energy  change  is  comparable  with  that 
accompanying  the  formation  of  many  salts,  as  may  be  seen  from  the  values 
given  for  salts  in  the  table.  Corresponding  with  the  high  heat  of  formation 
of  the  magnesium-aluminum  compound,  the  electrical  conductance  of 
magnesium-alumintun  alloys  is  low.  It  is  well  known  that  strongly 
electropositive  metals  combine  with  the  more  electronegative  metals  with 
great  violence.  The  energy  changes  accompanying  these  reactions  are 
certainly  greater  than  those  appearing  in  the  above  table.  In  metallic 
compounds,  as  in  salts,  the  energy  change  is  the  greater  the  more  electro- 
positive one  element  and  the  more  electronegative  the  other.    For  a  given 

**  Desch,  "Metallography,"  Longmans,  Green  and  Company,  1910,  p.  251. 

"  Roos,  Z.  anorg,  Chem.,  94,  354  (1916). 

"  Herschkowitsch,  Z.  physik.  Chem.,  27,  123  (1898). 
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electropositive  element,  the  energy  change  accompanying  reaction  with 
another  element  diminishes  as  the  second  constituent  becomes  less  electro- 
negative. There  is  nothing  to  indicate  that  there  is  a  sudden  change  in 
the  energy  effects  as  we  pass  from  non-metallic  to  metallic  compounds. 
In  salt  formation,  the  accompanying  energy  effect  is  largely  due  to  the 
combination  of  the  negative  electron  with  the  electronegative  constituent 
to  form  an  anion.  The  regidarity  of  the  energy  effect^  accompanying  the 
formation  of  metallic  compounds  indicates  that  a  similar  reaction  takes 
place  in  the  case  of  these  substances.  Naturally,  the  energy  changes  rep- 
resent the  integrated  result  of  all  the  forces  coming  into  play  when  a  re- 
action occurs.  Only  a  broad  comparison  of  the  energy  relations  in  salts 
and  metallic  compounds  has  a  significance. 

Vn.    Non-Saltlike  Metallic  Compounds 

While  many  metallic  compounds  are  of  the  nature  of  salts  in  which  the 
more  electropositive  constituent  is  associated  with  a  cation  and  the  more 
electronegative  constituent  with  an  anion,  there  remains  another  class 
of  compotmd  metals,  often  containing  non-metallic  elements,  which  re- 
semble the  metallic  elements  in  that  the  negative  electrons  are  not  associ- 
ated with  the  electronegative  elements  present.  Compotmds  of  this  type 
are  sharply  differentiated  from  compotmds  in  which  the  negative  electron 
is  associated  with  an  electronegative  constituent,  which  compotmds  thus 
resemble  the  salts  rather  than  the  elementary  metals. 

The  metallic  properties  of  metallic  elements  are  due  to  the  negative 
electrons  in  the  outer  shell  of  the  atom.  Any  atom  which  thus  contains 
a  negative  electron  not  strongly  imited  to  its  nucleus  is  metallic  in  the 
free  state.  In  the  presence  of  more  strongly  electronegative  elements, 
these  electrons  tmite  with  the  electronegative  atoms  to  form  a  stable  com- 
plex, i.  e.9  an  anion.  The  atom  from  which  the  electron  is  originally  de- 
rived is  thus  electropositive,  since  it  ftmctions  as  a  positively  charged 
complex  in  the  presence  of  electronegative  elements.  In  the  free  state, 
the  electropositive  complex  persists,  the  negative  electrons  in  the  body  of 
the  metal  not  being  definitely  joined  to  the  atoms. 

Many  groups  of  elements  exhibit  decided  electropositive  properties  in 
their  compounds,  and  this  is  true  not  only  of  groups  containing  metallic 
elements  but  also  of  groups  containing  only  non-metallic  elements. 

The  attachment  of  an  electron  to  the  atomic  nucleus  in  the  case  of  non- 
metallic  elements  is  greatly  influenced  by  the  presence  of  other  atoms  with 
which  the  first  atom  is  combined.  The  presence  of  certain  atomic  groups 
tends  to  free  the  connection  between  the  original  atom  and  its  associated 
electrons.  In  certain  cases,  a  negative  electron  is  in  this  manner  freed 
from  association  with  its  atom  and  the  resulting  compotmd  acqtiires 
metallic  properties.    The  property  of  metallicity  is,  therefore,  not  an  atomic 
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property  in  the  sense  that  it  is  restricted  to  metallic  elements  and  their 
compounds.  The  negative  electron  is  the  constituent  to  which  metals 
owe  their  metallic  properties  and  the  r61e  of  the  positive  constituent  is 
a  secondary  one. 

It  is  well  known  that  many  groups  of  elements  containing  either  non- 
metallic  elements  alone,  or  both  metallic  and  non-metallic  elements, 
function  as  stable  electropositive  ions  in  their  compounds  with  electro- 
negative elements.  The  ammonium  group  and  certain  metal-organic 
groups  are  familiar  examples  of  this  type  of  positive  ions.  We  should 
expect  that  if  these  groups  could  be  obtained  in  the  free  state,  the  resulting 
compound  would  be  metallic.  Since  these  compounds  contain  electro- 
negative elements,  it  follows  that  such  groups  may  prove  to  be  unstable 
in  the  free  state,  for  in  the  presence  of  negative  electrons  these  elements 
tend  to  combine  with  them  with  the  formation  of  new  compounds.  In 
case  the  group  were  stable,  however,  we  should  expect  it  to  exhibit  metallic 
properties. 

This  theory  of  the  constitution  of  the  electropositive  groups  is  borne 
out  by  numerous  observations.  Thus,  the  ammonium  group  itself 
possesses  sufGident  stabiUty  to  fprm  an  unstable  amalgam.  The  properties 
of  ammonium  amalgams  clearly  indicate  a  measurable  stability  of  the 
ammonitun  group.^^  The  substituted  ammonium  groups,  such  as  tetra- 
methylammonium,  possess  a  much  greater  stability  than  the  ammonium 
group.  These  groups  form  relatively  stable  solid  metalUc  compotmds  with 
merciuy.^*  Even  more  remarkable  are  the  properties  of  the  tetra  sub- 
stituted ammonium  groups  in  liquid  ammonia  solutions.'*  These  groups 
may  be  reduced  by  electrolysis  in  ammonia  solution.  Under  these  con- 
ditions the  groups  dissolve  in  ammonia  forming  a  characteristic  blue 
solution  which  appears  in  every  way  identical  with  solutions  of  the  alkali 
metals  in  the  same  solvent.  That  such  groups  are,  in  fact,  typical  metals 
is  not  to  be  doubted.  Unfortunately,  these  groups  are  not  sufficiently 
stable  to  permit  of  their  being  isolated.  It  is,  however,  apparent,  from  their 
properties  in  ammonia  solution  and  in  their  compounds  with  mercury, 
that  such  groups,  containing  only  non-metallic  elements,  are  true  metals 
resembling  the  alkali  metals  very  closely. 

Many  metals  form  electropositive  groups  with  organic  radicals  of  the 
type  R„— iM""*",  where  n  is  the  normal  valence  of  the  element  and  R  is 
an  organic  alkyl  or  aryl  group.  Compounds  of  the  type  R„»iM"X, 
where  X  is  an  anion,  exhibit  salt-like  properties.  In  general,  the  smaller 
the  value  of  «,  the  more  salt-like  is  the  resulting  compound.  Mercury 
salts  of  the  type  RHgX  are  exceptionally  stable  and  by  the  electrolysis 

*<  Coehn,  Z.  anorg.  Chem.,  25,  430  (1901). 

»  McCoy  and  Moore.  Tms  Joxjrnai,,  33,  273  (1911). 

»  Pahnaer.  Z.  EUktrochtm.,  8,  729  (1902).    Kraus,  This  Journal,  35,  1732  (1913). 
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of  these  salts  the  free  groups  RHg  have  been  obtained.'^  These  groups 
in  the  free  state  are  true' metals.  Even  the  group  CaHrHg,  containing 
an  enormous  preponderance  of  non-metallic  atoms,  is  a  true  metallic  sub- 
stance. These  compounds  are,  therefore,  to  be  classed  with  the  metallic 
elements,  since  the  negative  electron  is  not  associated  with  the  less  metallic 
elements  present. 

These  free  groups  throw  light  on  the  question  as  to  the  source  of  the 
negative  electrons  to  which  metallic  substances  owe  their  metallic  prop- 
erties. The  electrons  concerned  in  metallic  substances  are  the  valence 
electrons,  that  is,  the  electrons  to  which  chemical  reactions  are  due.** 
Chemical  reactions  of  this  type  consist  essentially  in  a  combination  of  the 
negative  electron  with  an  electronegative  element  or  group  of  elements. 
If  the  source  of  electrons  is  a  strongly  electropositive  element  or  group 
of  elements  and  the  electronegative  constituent  is  strongly  electronegative, 
then  the  resulting  compound  will  be  an  electrolyte,  i.  ^.,  a  salt.  Non- 
salt-like  substances  are  formed  only  when  the  negative  electron  remains 
associated  with  both  the  more  electropositive  and  the  more  electronegative 
constituent.  All  the  more  electropositive  elements  thus  form  salts  with 
strongly  electronegative  constituents.  In  salts  of  elements  of  high  elec- 
tropositive valence,  however,  the  salt-like  characteristics  are  greatly  re- 
duced, as  for  example,  in  stannic  chloride. 

On  the  other  hand,  it  is  not  the  non-metallic  elements  alone  which  possess 
the  power  of  combining  with  negative  electrons  to  form  stable  anions. 
This  property  is  common  to  all  but  the  most  strongly  electropositive 
metals.  The  resulting  compounds,  however,  will  exhibit  metallic  prop- 
erties in  the  pure  state  in  the  case  of  the  less  electronegative  elements,  as 
a  result  of  interaction  between  the  charges  at  high  concentrations. 

Not  all  compounds,  however,  are  to  be  ascribed  primarily  to  the  inter- 
action of  negative  electrons.  Other  forces  apparently  come  into  play  as 
a  result  of  which  combination  occurs.  The  formation  of  complex  anions 
is  an  example  of  this  type.  So  little  is  known  regarding  these  substances 
that  it  is  not  possible  to  venture  a  guess  as  to  the  nature  of  the  mechanism 
involved  in  this  type  of  combination. 

Another  class  of  metallic  compoimds  in  which  the  negative  electron  is 
not  primarily  concerned  is  found  in  the  ammoniates  of  the  metals  of  the 
alkaline  earths.  Here  we  have  compounds  of  the  type  Ca(NH8)6.*' 
These  compounds  appear  to  be  metals  whose  properties  closely  resemble 
those  of  concentrated  solutions  of  these  metals  in  liquid  ammonia.  The 
fact  that  these  compounds  are  metallic  clearly  indicates  that  the  negative 
electrons  are  not  primarily  concerned  in  their  constitution.     It  appears, 

'^Kraus,  Ref.  26. 

a  Kraus,  Ref.  26,  p.  1741. 

»  Kraus,  This  Journal,  30,  653  (1908).    Blitz,  Z.  anorg.  Chem.,  114, 241  (1920). 
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rather,  that  the  group  Ca(NH8)6"'"'*'  is  a  strongly  electropositive  group  of 
which  Ca(NH8)6Clt  is  a  salt.  An  important  flct  to  be  noted  in  this  con- 
nection is  that  in  the  free  group  the  ammonia  molecules  are  similarly  com- 
bined, i.  €.,  the  group  breaks  down  as  a  whole  and  not  in  stages  when 
ammonia  is  withdrawn.  The  nature  of  the  mechanism  involved  in  the 
ammoniated  metals,  as  in  the  ammoniated  salts,  remains  to  be  disclosed. 

Vm.    Summary 

1.  It  is  pointed  out  that  the  constitution  of  substances  cannot  be  de- 
rived from  their  properties  in  a  condensed  state  with  any  considerable 
degree  of  certaint3\  In  order  to  determine  the  constitutions  of  metallic 
substances  it  is  necessary  to  study  their  properties  at  low  concentrations. 

2.  At  low  concentrations  the  elementary  metals  are  salt-like  substances, 
and  it  is  suggested  that  metallic  compounds  will  exhibit  salt-like  properties 
in  even  a  more  decided  manner. 

3.  In  solutions  of  metallic  compounds  in  liquid  ammonia,  the  more 
electronegative  element  functions  as  anion,  as  follows  from  the  fact  that 
it  is  precipitated  on  the  anode  on  electrolysis.  All  but  the  strongly  elec- 
tropositive elements  exhibit  a  negative  as  xvell  as  a  positive  valence, 

4.  The  normal  anions  of  metallic  elements  form  complex  anions  in 
the  presence  of  the  element  in  question.  These  complex  metallic  com- 
pounds are  similar  to  the  complex  iodides  and  sulfides  which  have  been 
studied  in  aqueous  solution.  The  property  of  forming  complex  anions 
is  one  common  to  many  metallic  as  well  as  non-metcUlic  elements. 

5.  It  has  been  shown  that  the  complex  telluride  ion  carries  two  charges. 
In  solution  in  ammonia  the  complex  anions  TeTe  and  TejTe  exist. 
It  may  be  inferred  that  the  anions  of  the  metals  of  the  fifth  group  carr}' 
3  and  those  of  the  fourth  group  4  charges. 

6.  Since  it  has  been  shown  that  the  metals  selenium,  tellurium,  bis- 
muth, antimony,  arsenic,  lead  and  tin  form  complex  anions  in  ammonia 
solution,  it  may  be  inferred  that  other  metals  not  soluble  in  ammonia 
form  similar  complex  anions.  Metallic  compounds  of  this  class  are,  there- 
fore, virtually  salts. 

7.  The  multiplicity  of  compounds  derivable  from  a  given  pair  of 
metallic  elements  is  accounted  for  on  the  hypothesis  that  in  their  com- 
pounds the  more  electronegative  elements  form  complex  anions.  Hiis 
brings  metallic  compounds  into  line  with  present  conceptions  of  atomic 
structure. 

8.  The  physical  properties  of  metallic  compounds  are  in  harmony  with 
the  hypothesis  that  they  possess  a  salt-like  structure. 

9.  It  is  pointed  out  that  the  energy  effect  accompanying  the  formation 
of  metallic  compounds  is  of  the  same  order  of  magnitude  as  that  accom- 
panying the  formation  of  salts.    As  in  the  case  of  salts,  the  energy  change 
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is  the  greater  the  more  electronegative  one  element  is  with  respect  to  the 
other. 

10.  Electropositive  groups,  such  as  the  ammonitun  group,  are  vir- 
tually metals  although  their  stability  in  the  free  state  is  not  sufficient 
to  permit  their  isolation  in  most  instances.  The  most  stable  groups 
possess  sufficient  stability  to  demonstrate  their  metallic  properties  in  the 
free  state.    Such  groups  resemble  elements  in  their,  properties. 

1 1 .  The  property  of  metaUicity  is  not  an  atomic  one.  1 1  may  be  imparted 
to  non-metallic  elements  by  combination  with  other  non-metallic  elements. 
The  metallic  state  is  due  to  the  presence  of  uncombined  negative  electrons. 

12.  The  electrons  which  impart  metallic  properties  to  an  element 
are  those  to  which  the  chemical  reactions  of  this  element  with  other  ele- 
ments are  due. 

13.  The  reaction  between  strongly  electropositive  and  strongly 
electronegative  elements  or  groups  of  elements  consists  essentially  in  a 
combination  of  the  negative  electrons  of  the  electropositive  constitutent 
with  the  atoms  of  the  electronegative  constituent. 

14.  In  the  metal  ammoniates  of  the  ty^  Ca(NH3)6,  which  are  metallic 
substances,  the  negative  electrons  are  not  primarily  concerned. 

The  detailed  experimental  material  on  which  this  paper  is  based  will 
appear  in  forthcoming  publications.  The  experimental  work  has  been 
in  part  supported  by  grants  from  the  Warren  Fund  of  the  American  Acad- 
emy of  Arts  and  Sciences.  I  wish  to  acknowledge  my  indebtedness  to 
these  grants  which  have  greatly  facilitated  the  accumulation  of  the  neces- 
sary experimental  material. 

WORCSSTSR,  MASSACmiSBTTS 
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Introduction. — When  an  excess  of  ammonium  hydroxide  is  added 
to  a  solution  of  one  of  the  nickel  halides,  small  octahedral  crystals  are 
precipitated.  These  crystals  have  the  composition  NiXs.6NH«,  where 
X  is  chlorine,  bromine  or  iodine. 

Single  crystals  of  considerable  size  can  be  grown  by  slow  cooling  from 
a  not  too  strong  solution.  These  are  rarely  perfect  in  internal  structure 
and  all  of  them  are  extremely  fragile.    Because  of  the  ease  with  which 

1  Member  of  the  Staff  of  the  Geophysical  Laboratory  of  the  Carnegie  Instittition 
of   Washington. 
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they  shattered,  thin  sections  could  not  be  prepared  and  the  X-ray  ob- 
servations had  to  be  carried  out  upon  entire  crystals. 

Microscopic  examination  showed  these  crystals  to  be  completely  iso- 
tropic. Nothing  is  known,  however,  concerning  the  class  of  the  cubic 
system  to  which  they  should  be  assigned.  Goniometric  observations 
would  be  possible  only  at  a  low  temperature,  because  owing  to  decompo- 
sition through  loss  of  ^mmonia  the  crystal  faces  tarnish  almost  immedi- 
ately after  removal  from  the  solution.  The  preparation  of  Laue  photo- 
graphs, which  required  several  hoiu^,  was  accompUshed  by  imbedding 
the  specimen  in  wax,  thus  inhibiting  this  decomposition. 

This  study  of  crystal  structure  was  carried  out  by  the  aid  of  the  gener- 
ally appUcable  methods  based  upon  the  use  of  the  theory  of  space  groups 
which  have  already  been  described.* 

The  Unit  Cell  and  the  Number  of  Associated  Molecules. — Com- 
parison reflection  photographs  against  a  cleavage  face  of  calcite  and  an 
octahedral  face  of  a  crystal  of  NiCU.GNHs  were  prepared  in  the  usual 
manner.'  Values  of  dm/n  (the  ratio  of  the  spacing  of  octahedral  planes 
into  the  order  of  the  spectrum)  obtained  from  this  photograph  combined 
with  the  density  (1 .  526)  as  determined  by  a  flotation  and  a  determination 
of  the  density  of  the  floating  liquid  by  a  Westphal  balance  gave  the  value 
0.509  for  the  ratio  tn/n^,  in  which  m  represents  the  number  of  molecules 
in  the  unit  of  structure  and  n  the  order  of  the  spectrum.  From  an  ex- 
amination of  a  table*  of  possible  values  of  m/n^  it  is  evident  that  either 
m  =  4  with  n  =  2  or  else  that  t«  =  32  with  n  =  4.  Measurements 
upon  reflection  photographs  of  the  corresponding  bromide  and  iodide 
showed  that  they  likewise  have  either  4  or  32  chemical  molecules  within 
the  unit  cell. 

The  Structure  of  NiCl2.6NH8. — If  it  is  assumed  that  n  is  4,  the  mean 
value  of  the  length  of  the  side  of  the  unit  cube  is  found  to  be  10. 09  A.  U. 
(or  10.09  X  10-«  cm.). 

The  observation  (made  on  the  Laue  photographs)  that  only  planes 
all  of  whose  indices  are  odd  reflect  in  the  first  order  shows  that,  if  4  mole- 
cules are  contained  in  the  unit  cell,  this  crystal  must  have  the  symmetry 
of  one  of  the  space  groups  Th*,  O*  or  Oh^.  Neglecting  the  positions  of  the 
hydrogen  atoms,  which  contain  so  few  electrons  that  they  cannot  be  lo- 
cated, all  of  the  arrangements  for  this  salt  arising  from  these  three  space 
groups  are  identical.^    It  will,  moreover,  be  observed  that,  neglecting  the 

*  Wyckoflf,  Am.  J,  Set.,  50,  317  (1920).  Wyckoff  and  Posnjak,  Tms  Journal, 
43,  2202  (1921);    etc. 

«  Wyckoff,  This  Journal.  42,  1100  (1920). 

*  Wyckoff.  Am,  J.  Sci.,  1,  138  (1920). 

'  All  the  space-group  arguments  of  this  paper  are  based  upon  a  series  of  tables 
which  form  part  of  a  book  entitled  "An  Analjrtical  Expression  of  the  Theory  of  Space 
Groups"  which  is  shortly  to  be  published  by  the  Carnegie  Institution  of  Washington. 
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hydrogen  atoms  in  both  cases,  the  problem  of  the  positions  of  the  atoms 
in  ammonitun  chloroplatinate  ahready  discussed  in  a  previous  article* 
(if  it  be  considered  that  chlorine  atoms  replace  nitrogen  atoms,  nickel 
atoms  replace  the  platinum  atoms,  and  the  nitrogen  atoms  of  ammonia 
replace  the  chlorine  atoms)  is  identical  with  the  present  one.  In  the 
first  order  region  some  planes  with  greater  spacing  are  much  more  in- 
tense than  those  with  lesser  (see  Table  I),  and  hence  the  arrangement 
of  the  nitrogen  atoms  about  the  nickel  atoms  must  be  the  same  as  the 
grouping  of  the  chlorine  atoms  about  the  platinum  atoms  of  ammonium 
chloroplatinate.  The  two  salts  are  thus  (except  for  the  positions  of  the 
hydrogen  atoms)  completely  isomorphous,  and  a  detailed  treatment  of 
the  present  case  is  unnecessary. 

An  approximate  determination  of  the  position  of  the  nitrogen  atoms 
within  the  imit  cell  can  be  obtained  from  a  study  of  the  relative  intensities 
of  reflections  from  planes  appearing  in  the  first  order.  The  calculated 
wave  lengtlis  and  estimated  intensities  of  relevant  reflections  obtained  in 
Laue  photographs  are  given  in  Table  I.  The  customary  intensity  equa- 
tions (strictly  analogous  to  those  prevailing  in  the  case  of  ammonium 
chloroplatinate)  have  the  following  form  for  first  order  reflections  from 
planes  having  all  odd  indices. 

i4  =4Ni  +  8N  (cos  2irhu  -f  cos  2irku  +  cos  2irlu) 
By  plotting  the  amplitudes  (or  intensities)  calculated  by  this  expression 
for  each  of  the  planes  of  Table  I  over  a  range  of  values  of  u  and  comparing 
the  calculated  and  observed  relative  intensities  of  planes  having  approxi-. 
mately  the  same  spacings,  the  value  of  u  can  be  located  within  fairly 
narrow  limits.  The  presence  of  a  strong  fourth  order  and  the  absence 
of  a  third  order  reflection  from  the  (111)  face  show  that  u  is  either  near 
0.25  or  0.50.  The  region  around  0.50  can  be  eliminated  from  a  con- 
sideration of  first  order  reflections.  The  data  recorded  in  Table  I  show 
that  u  must  have  a  value  less  than  0.25  and  lying  probably  between  the 
limits  0.227  and  0.245.  This  lower  limit  is  set  by  the  observation  that 
the  plane  115  3  reflects  less  strongly  than  the  more  complicated  plane 
9  7  7.  If  the  scattering  powers  of  nitrogen  and  nickel  were  proportional 
to  their  atomic  numbers  (which  probably  is  only  very  roughly  true)  the 
appearance  of  such  planes  as  those  of  the  forms  377  and  11  77  would 
locate  the  lower  Umit  in  the  neighborhood  of  0 .  24.  The  absence  of  marked 
discrepancies  amongst  the  second  order  reflections  from  planes  having 
even  indices  is  in  agreement  with  this  value  for  u. 

The  coordinate  positions  of  the  atoms  of  NiCU.GNHj  within  the  unit 
cube  are  thus  as  follows:*  Nickel,  arrangement  4(b);  Chlorine,  arrange- 
ment 8(c);   Nitrogen,  arrangement  24(a). 

The  placing  of  the  hydrogen  atoms  presents  some  ambiguity.    Since 
*Wyckoff  and  Posnjak,  Ref.  2. 
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there  are  not  72  equivalent  positions  within  the  unit  cell  of  any  cuUc 
crystal,  it  is  evident  that  the  3  hydrogen  atoms  in  the  ammonia  grotq> 
cannot  be  equivalent  to  one  another.  Inspection  of  the  possible  space 
groups  shows  that  48  of  these  atoms  must  be  alike,  and  different  from  the 
other  24;  that  is,  two  of  the  hydrogen  atoms  of  the  ammonia  in  this  com- 
potmd  are  different  from  the  jthird.  The  special  cases  having  48  equiva- 
lent positions  in  the  imit  are  different  for  the  space  groups  belonging  to 
different  classes  of  cubic  sjrmmetry.  If  the  correct  class  for  this  crystal 
were  known,  it  would  be  possible  to  determine  therefrom  the  manner  of 
arrangement  of  the  hydrogen  atoms  about  the  nitrogen  atom.  It  can 
readily  be  shown  that,  were  the  synmietry  of  this  crystal  holohedral, 
or  enantiomorphically  hemihedral,  the  two  like  hydrogen  atoms  would 

TablbI 
Laub  Photographic  Data  for  NiCla.GNHj 


First  photograph 

Second  photograph* 
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•  Reflections,  but  of  intensities  too  weak  for  satisfactory  comparisons,  have  been 
observed  from  planes  of  the  following  forms:  199,  1  7  11, 1  3  13,  1  6  13,  3  6  13,  3  9  11, 
7  7  11,  1  1  16,  6  9  11,  1  3  15,  9  9  11,  9  11  11.  These  recorded  estimates  of  intensity 
are  necessarily  very  inexact.  Especially  in  the  data  from  this  second  photograph 
no  quantitative  significance  should  be  attached  to  intensities  of  unity  or  less. 

be  equally  shared  by  neighboring  nitrogen  atoms ;  omsequently  an  ammonia 
group  would  not  exist  within  such  a  crystal.  This  is  so  contrary  to  what 
would  have  been  expected  from  chemical  considerati<ms  that  in  the  ab- 
sence of  any  satisfactory  crystallographic  determination  of  its  dass  of 
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syxnmetiy,  it  is  more  natural  to  assign  this  salt  to  the  space-group  Th' 
with  paramorphic  (p)rritohedral)  hemihedry.  The  positions  of  the  hydro- 
gen atoms  thus  probably  become 

Hydrogen:  24  atoms  at  vOO  and  the  other  positions  of  special  case  24(a) ;  48  atoms 
at  OuV  and  the  other  positions^  of  special  case  48(b). 

The  relative  positions  within  the  unit  cell  of  the  atoms  of  NiCl8.6NH8 
are  readily  seen  with  the  aid  of  Fig.  7  in  the  previous  article  on  the  structure 
of  ammonium  chloroplatinate  by  remembering  that  in  that  figure  the 
positions  of  the  hydrogen  atoms  must  be  omitted  from  consideration, 
that  nickel  atoms  replace  platinum  atoms,  and  that  nitrogen  and  chlorine 
atoms  are  interchanged. 

In  common  with  practically  all  crystal  structure  determinations,  it 
is  at  present  impossible  to  eliminate  tmiquely  all  of  the  more  complicated 
structures  which  could  be  developed  for  NiClt.GNHs.  The  simple  struc- 
tture  having  4  molecules  within  the  unit  cell  is  nevertheless  in  such  complete 
accord  with  the  experimental  data  that  there  can  be  no  doubt  of  its  es- 
sential correctness.  It  would  be  possible  to  develop  an  arrangement 
having  32  molecules  within  the  unit  which  would  approach  so  very  close 
to  the  simple  structure  as  to  be  indistinguishable  from  it  by  any  means 
now  available.  There  is  no  reason  for  considering  seriously  such  a  com- 
plicated structure,  and  its  assumption  would  not  relieve  this  determination 
of  the  arrangement  of  the  atoms  of  N1CI2.6NH3  of  any  of  its  chemical 
implications. 

The  Structure  of  NiBr2.6NH8. — This  salt  is  completely  analogous 
in  its  structure  to  the  chloride.  The  length  of  the  side  of  the  unit  cell 
having  4  molecules  within  it  was  determined  to  be  10.48  A.  U.  An  at- 
tempt was  not  made  to  effect  an  accurate  placing  of  the  nitrogen  atoms. 

The  Structure  of  Nil2.6NHs. — The  arrangement  of  the  atoms  in  this 
crystal  is  the  same  as  that  prevailing  in  the  chloride.  When  m  =  4  the 
length  of  the  side  of  the  unit  cube  was  found  to  be  11 .  01  A.  U. 

Three  Laue  photographs  were  completely  analyzed  in  the  endeavor 
to  acctunulate  sufficient  data  to  place  the  nitrogen  atoms  with  acctu-acy. 
Because  of  the  slightly  imperfect  character  of  the  crystals  employed  and 
especially  because  of  the  much  greater  absorption  of  this  salt,  first  order 
reflections  from  only  a  few  planes  with  complicated  indices  could  be  at- 
tained. Some  useful  data  from  these  photographs  are  recorded  in  Table 
II.  From  the  plots  of  the  amplitude  against  the  parameter  u  for  these 
planes  (which  are  the  same  as  those  of  the  chloride)  it  is  evident  that  u 
in  this  case  also  has  a  value  somewhat  under  0.25,  but  greater  than  0.20. 
If  the  scattering  powers  of  diflferent  elements  were  proportional  to  their 
atomic  numbers,  then  the  value  of  u  could  hardly  be  much  less  than  0.24. 

^  The  values  of  these  coordinate  positions  will  be  given  in  "An  Analytical  Repre- 
sentation of  the  Theory  of  Space  Groups"  to  which  reference  has  already  been  made. 
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A  further  indication  of  tlie  value  of  «  is  furnished  by  a  comparison  of  the 
intensities  of  reflection  in  tlie  second  order  region  of  planes  containing  even 
indices.  Thus  the  two  planes  035  and  343,  both  of  which  have  the  same 
relative  spacing  (0.171),  reflect  wave  lengths  of  0.780  A.  U.  and  0.778 
A.  U.  with  estimated  intensities  of  3.1  and  3.0.  In  the  region  between 
0.20  and  0.35  this  practical  equality  of  reflecting  powers  could  only  be 
found  if  u  has  a  value  not  much  less  than  0.24. 

The  Significance  of  these  Structures. — ^According  to  this  determina- 
tion of  structure  all  6  of  the  ammonia  molecules  of  NiX2.6NH»  must  be 
alike  and  related  in  the  same  manner  to  a  central  nickel  atom  to  which  they 
approach  more  closely  than  to  any  other  atom  of  the  compound. 
It  seems  therefore  entirely  appropriate  to  write  the  formula  of  these 
compounds  in  the  customary  coordination  manner,  NileNHajX^. 

Tabids  II 
Laub  Photographic  Data  for  Nils.CNHi 


First  photograph 
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These  hexammoniates  have  been  shown  to  have  identically  the  same 
arrangement  of  their  atoms  as  the  grouping  which  prevails  in  the  chemi- 
cally rather  dissimilar  ammonium  chloroplatinate.  The  hexammoniate 
chloride  and  potassium  chlorostannate,  which  is  isomorphous  with  am- 
monium chloroplatinate,  have  furthermore  almost  identical  distances 
between  their  corresponding  atoms.^  In  potassium  chlorostannate 
at  least  4  of  the  chlorine  atoms  would  be  ordinarily  considered  to  be  held 
to  the  tin  atom  by  primary  valence  forces;  but  the  union  between  the 
nickel  atom  and  the  neutral  ammonia  molecules  is  a  typical  secondary 
valence  bonding.  From  this  observation  that  ammonia  molecules  are 
just  as  intimately  associated  with  a  nickel  atom  in  NiCU.BNHa  as  are  the 
chlorine  atoms  with  a  tin  atom  in  potassium  chlorostannate,  it  is  difficult 
to  escape  from  the  conclusion  that  in  the  crystalline  state  there  need  not 
be  differences  between  the  arrangements  of  atoms  held  by  what  chemists 
have  been  accustomed  to  call  primary  and  secondary  valence  forces. 
■  Dickinson.  This  Journai,.  44,  276  (1922). 
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In  ammonium  chloroplatinate  it  was  shown  that  the  distance  between 
the  platinum  atom  and  the  chlorine  atoms  is  in  close  accord  with  that 
demanded  by  the  principle  of  close  packing  of  atoms  as  stated  by  W.  L. 
Bragg.*  The  same  thing  is  true  of  the  distance  between  tin  and  chlorine 
in  potassitun  chlorostannate.  In  neither  of  these  compounds,  however, 
are  the  distances  between  any  other  pairs  of  atoms  in  satisfactory  agree- 
ment with  this  principle.  In  these  nickel  halides,  furthermore,  contacts 
between  atoms  having  the  radii  given  by  W.  L.  Bragg  seem  impossible 
except  between  nickel  and  ammonia.  It  cannot  be  determined  whether 
such  a  contact  is  established  in  this  direction,  because  of  the  uncertainty 
as  to  whether  the  hydrogen  atom  having  the  arrangement  of  24(a)  has 
a  value  of  v  which  is  greater  or  less  than  0.24.  The  distance  between 
the  nickel  atom  and  the  nitrogen  atom  in  all  three  halides  greatly  exceeds 
the  sum  of  the  radii  of  nickel  and  nitrogen.  It  was  hoped  that  the  value 
of  u  could  be  sufficiently  accurately  determined  in  NiIj.6NH|  so  that  the 
possibility  of  a  close  packing  between  nickel  atoms  and  ammonia  groups 
could  be  definitely  decided.  Though  this  could  not  be  conclusively  done, 
the  existing  evidence  seems  to  favor  for  u  nearly  the  same  value  in  both  the 
chloride  and  iodide;  if  this  is  true,  then  no  close  packing  of  atoms  having 
the  radii  assigned  by  W.  h-  Bragg  would  be  possible  within  these  crystals. 

Summary 

It  has  been  shown  that  in  the  arrangement  of  their  atoms  the  hexam- 
moniates  of  nickel  chloride,  bromide,  and  iodide  are  strictly  isomorphous 
with  ammonium  chloroplatinate.  The  dimensions  of  the  unit  cells  for 
each  of  these  salts  and  the  values  of  the  variable  parameters  defining 
the  positions  of  the  nitrogen  atoms  in  the  chloride  and  iodide  have  been 
estimated.  The  chemical  significance  of  this  structure  within  which  some 
of  the  atoms  are  bound  together  by  a  purely  secondary  valence  is  men- 
tioned. 

Pasadbna,  Cai^ifornia 

•  W.  L.  Bragif,  PhU.  Mag.,  [61  40,  169  (1920). 
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(CoNTRisnTioN  ntoif  ran  Chsmicai^  Laboratory,  Maryland  Acadbmy  of  ScibncbsI 
THE  ELECTRICAL  PRECIPITATION  OF  COLLOIDS 
By  Claudb  Hainbs  Hau.,  Jr. 

Received  Pebraary  21. 1922 

Introduction 

Bancroft^  suggests  in  his  list  of  research  problems  in  colloid  chemistry 
that  the  precipitating  action  of  high  potential  current  on  colloidal  sus- 
pensions in  non-conducting  liquid  media  should  be  investigated.  There 
is  apparently  no  literature  upon  this  phase  of  the  subject  although  a  great 
deal  of  work  has  been  done  by  Cottrell,*  Strong,'  and  many  others**' 
on  the  electrical  precipitation  of  fogs  and  smokes. 

The  theory  of  smoke  precipitation  has  been  thoroughly  worked  out 
by  those  mentioned,  and  is  easily  available  so  that  it  would  serve  no  useful 
purpose  to  review  it  here.  The  case  of  the  precipitation  of  sols  is  some- 
what analogous  to  that  of  smokes  although,  of  course,  the  viscosity  of 
the  medium  is  much  greater  and  the  electrical  resistance  of  the  medium 
is  considerably  higher.  The  optimum  condition  for  the  precipitation  of 
smoke  is  a  potential  of  about  5  X  10*  volts,  direct  current,  having  the  point 
or  wire  negative.*  The  temperature  is  not  important.*  On  the  basis  of 
these  data  the  precipitation  of  sols  was  attempted. 

Experimental 

The  medium  used  was  a  very  high  grade  transformer  oil.*  It  was  rated 
by  the  manufacturer  and  also  by  a  testing  laboratory  as  having  a  resist- 
ance of  1 .5  X  10^*  ohms  per  centimeter  cube.  The  suspensions  were  pre- 
pared by  several  methods,  the  data  for  two  of  those  used  in  the  following 
tests  being  given  as  representative. 

Test  4. — ^Two  aluminum  electrodes,  connected  to  a  10*  volt  trans- 
former, were  suspended  in  the  oil  and  arranged  so  that  they  could  be 
touched  together  and  then  separated  a  short  distance.  An  arc  was 
thus  formed  and  maintained  until  the  desired  density  was  reached 
(about  10  minutes). 

Test  1. — ^A  sample  of  the  oil  was  saturated  with  arsenic  iodide^  and 
hydrogen  sulfide  passed  in  until  the  arsenic  was  completely  precipitated. 

»  Bancroft.  7.  Ind.  Eng,  Chem.,  13,  350  (1921). 

«  CottreU,  ibid.,  3,  362  (1911);    Smilhsonian  Rpt.,  1913,  653. 

»  Strong,  Proc.  Am,  Inst.  Elec,  Eng.,  34,  387  (1915). 

«  Nesbit,  ibid.,  34,  405  (1915). 

»  Bradly,  ibid.,  34,  421   (1915). 

•  Supplied  through  the  courtesy  of  Mr.  E.  P.  Early  of  the  Standard  Oil  Co. 

7  Unpublished  solubility  tables. 
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This  method  makes  a  very  dense  and  homogeneous  sol,  which  will  remain 
in  suspension  almost  indefinitely.* 

A  nmnber  of  forms  of  precipitation  apparatus  were  tried  out  but  most 
of  them  were  found  unsatisfactory  owing  to  the  great  tendency  of  the  cur- 
rent to  break  through.  The  form  finally  adopted  was  a  vertical  tube  of 
Pyrex  glass,  2  cm.  in  diameter  and  35  cm.  long,  fitted  with  a  circular 
platinum  disk  electrode  at  one  end  and  a  sharply  pointed  adjustable 
platinum  wire  at  the  other. 

The  coil  used  to  supply  the  voltage  was  a  2  X  10*  volt  X-ray  coil.  For 
direct  current  work  it  was  operated  on  115  volts  in  connection  with  a  bat- 
tery of  3  electrolytic  interrupters  and  a  suitable  primary  condenser.  A 
"point-to-plate"  rectifier  was  inserted  in  the  secondary  circuit  to  suppress 
any  "make**  current.  The  secondary  connections  were  carried  directly, 
suitably  suspended,  to  the  electrodes  of  the  tube  and  a  test  gap  shunted 
across  them.  For  alternating  cturent  tests  the  same  coil  was  supplied 
with  80  volts  from  a  small  synchronous  converter  connected  to  the  power 
lines.     The  interrupter,  condenser  and  rectifier  were,  of  course,  omitted. 


EXPBRncBNTAL  DATA 

No. 

Suspension 

Nature  of 

charge  on 

point 

Secondary 

potential 

(Alternate 

gap  in  cm.) 

Input 

Kw. 

Time 

Mill. 

1 

AsA 

-D.C. 

28 

2 

200 

2 

HgS 

-D.C. 

20 

2 

70 

3 

Fe4(FeCy.), 

-D.C. 

20 

2 

60 

4 

BaSO* 

-D.C. 

20 

2 

120 

5 

Al 

-D.C. 

28 

2 

200 

6 

Cu 

-D.C. 

20 

2 

100 

7 

Pb 

-D.C. 

20 

2 

60 

8 

Ag 

-D.C. 

20 

2 

120 

9 

Fe 

-D.C. 

20 

2 

120 

10 

AsiS, 

H-D.C. 

26 

2 

100 

11 

HgS 

+D.C. 

20 

2 

120 

12 

Al 

+D.C. 

25 

2 

130 

13 

Cu 

-fD.C. 

20 

2 

70 

14 

AstS, 

A.C. 

16 

1.5 

200 

15 

HgS 

A.C. 

12 

1.2 

90 

16 

BaS04 

A.C. 

14 

1.2 

160 

17 

Al 

A.C. 

10 

1 

100 

18 

Pb 

A.C. 

10 

1 

60 

The  results  were  in  every  case  the  same.     No  matter  how  long  the 
apparatus  was  run  or  what  potentials  were  employed  no  sign  of  precipi- 

'  No  difficulty  was  experienced  from  muddying  of  the  oil  when  the  sol  was  prepared 
by  chemical  methods.  With  the  electrical  method  it  is  necessary  to  keep  the  current 
density  very  low  (less  than  0 .01  ampere  at  the  electrodes)  if  muddying  is  to  be  prevented. 
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tatiou  was  observed.*  After  each  test  the  sol  was  removed  from  the  pre- 
cipitation tube  and  allowed  to  stand  along  with  a  sample  of  the  same  sd 
which  had  not  been  treated.  No  difference  in  the  rate  of  settling  could 
be  noted  although  suspensions  of  widely  differing  coarseness  were  used, 
as  may  be  seen  from  the  fact  that  Test  6  settled  in  about  24  hours  while 
Test  1  has  not  settled  in  over  6  mouths.  The  inevitable  conclusion  is 
that  under  the  experimental  conditions  cited  it  is  impossible  to  precipitate 
colloidal  suspensions  in  non-conducting,  liquid  media  by  electrical  means. 

Theoretical 

It  is  of  interest  to  investigate  the  mathematical  grounds  for  the  failure 
of  electrical  precipitation  in  the  case  of  sols.  As  Strong'  has  shown  in 
connection  with  smoke,  the  energy  required  for  the  precipitation  of  a 
colloid  is  E  =  ni^lufnV^  +  Fs)  where  E  is  the  energy  in  ergs  per  imit 
volume,  n  the  number  of  particles,  m  the  average  mass  of  the  particles, 
V  is  the  transverse  velocity  imparted  to  the  particles,  F  is  the  frictional 
resistance,  and  5  is  the  average  distance  traversed. 

Stoke's  law,  which  has  been  found  to  hold  with  considerable  accuracy, 
gives  F  =  GT/xadF.  Also  m  =  ^/ixda^  and  s  =  1,  where  d  is  the  density 
of  the  particles,  a  the  average  radius,  pl  the  viscosity  of  the  medium,  and  / 
the  distance  from  point  to  plate  for  point  electrodes,  or  the  radius  of  the 
cylinder  for  cylindrical  electrodes.  Substituting,  the  formula  becomes 
E  =  ^/.Tda'V^  +  SirtiadlV. 

Roughly   evaluating  the  relative   constants  as 

Smokes  Sols 
M                                2.10-»  1 

a  10-»  10-» 

/  1  1 

d  10-«  1 

V  Vf  V, 

transforming  the  above  equation  to  a  comparative  form 
substituting  the  constants  and  solving  for  F,  in  terms  of  V/, 


'   "  410-» 

and  expanding  and  simplifying  (using  the  positive  sign  which  gives  the 
only  root  with  a  physical  significance)  we  obtain, 

r.  =  2  io'(io-^7/  +  io-"r/«)  +  iO'HiO'"'Vf  +  io-"r/«)  +  - 

V»  =  2  10-*Vf  +  -  + 

*  No  corona  effect  was  observed  owing  possibly  to  the  opacity  of  the  suspensioii, 
although  the  conditions  in  some  of  the  tests  must  have  been  such  that  it  could  exist, 
particularly  in  Test  14.  In  Test  1  the  electrodes  were  later  drawn  slowly  together 
until  spark-over  occurred,  no  corona  being  observed. 
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That  is,  that  the  velocity  of  precipitation  for  the  same  energy,  applied 
to  the  particle,  would  be  20,000  times  as  great  for  smokes  as  for  sols. 
This  confirms  the  experimental  evidence  of  the  very  sloyr  precipitation. 

Summary 

The  author  has  investigated  the  effect  of  high  potentials  upon  colloidal 
suspensions  in  non-conducting  liquids.  There  has  been  no  precipitation 
detected  in  the  range  10*  —  2  X  10^  volts,  either  alternating  or  direct  cur- 
rent. 

It  is  shown  that  the  rate  of  precipitation  would  be  1/20000  of  that  for 
smoke  for  the  same  energy  applied  to  the  particle. 

The  author  wishes  to  acknowledge  his  gratitude  to  Mr.  William  Haggen- 
botham  for  the  valuable  assistance  rendered  him  in  the  course  of  the  in- 
vestigation. 

Baltimore,  Maryi<and 
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Introduction 

Franklin  and  Kraus  have  observed  that  mixtures  of  ammonia  and  meta- 
xylene  have  an  upper  critical  end-point^  a  little  below  room  temperatures. 
Since  the  vapor-pressure  ciuves  of  only  a  few  such  systems  have  been 
studied  thus  far,^  it  appeared  worth  while  to  investigate  this  system  in 
some  detail.  In  as  much  as  the  vapor  pressure  of  xylene  is  low  compared 
with  that  of  ammonia,  the  total-pressure  curves  will  differ  little  from  the 
partial-pressure  curves. 

In  the  present  investigation  the  vapor  pressure  of  various  liquid  mix- 
tures has  been  determined  together  with  the  composition  of  the  liquid 
phases  of  the  monovariant  system.  The  latter  data  were  determined  in 
a  separate  series  of  experiments. 

The  critical  end-point  was  determined  in  a  special  experiment  by  direct 
observation  of  the  temperature  at  which  the  two  phases  become  identical. 
For  this  purpose  ammonia  and  w^toxylene  were  sealed  in  a  heavy  walled 

*  This  IS  sometimes  called  the  critical  point  of  solution.  Since  such  a  point  also 
occurs  in  the  diphase  system,  it  appears  preferable  to  designate  the  critical  point  of 
the  three-phase  system  as  critical  end-point,  as  has  been  suggested  by  Biichner. 

*  The  literatiu-e  relating  to  systems  of  this  type  has  been  collected  by  Biichner 
in  Part  2,  Vol.  II,  of  Roozeboom's  "Die  Heterogenen  Gleichgewichte  vom  Standpunkte 
der  Phasenlehre,"  and  detailed  references  may  accordingly  be  omitted  here. 
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glass  tube  provided  with  an  electromagnetic  stirrer.  This  tube  was 
placed  in  a  bath,  contained  in  a  Dewar  tube,  the  temperature  of  which  was 
allowed  to  rise  slowly.  Keeping  the  mixture  vigorously  stirred,  the 
temperature  was  noted  at  whidi  the  two-phase  system  disappeared.  The 
mean  value  so  found  for  the  critical  end-point  was  14.7°. 

The  Vapor  Pressure  of  Liquid  Mixtures  of  Ammonia  and  Xylene 
Apparatus. — ^The  boiling  point  of  the  nt^toxylene  used  in  this  work 
was  found  to  be  dose  to  139.2°,  the  value  given  in  Landolt-Bdmstein's 
Tables  of  Physico-chemical*  Constants  for  the  boiling  point  of  pure  m- 
xylene.  The  ammonia  was  drawn  from  a  container  in  which  it  had  been 
purified  by  the  method  given  by  Franklin  and  Kraus.'  The  arrangement 
of  the  apparatus  used  to  measure  the  total  pressure  of  the  vapor  of  mix- 
ttu-es  of  liquid  ammonia  and  liquid  xylene  is  shown  in  Fig.  1. 


Fig.  1. — ^The  apparatus  employed  in  determining  the  vapor  pressure  of  the 
monovBiiant  system. 

AU  parts  of  the  apparatus  which  were  under  pressure  were  constructed  of  metal, 
with  the  exception  of  the  mercury  coltunn  R,  which  was  made  of  glass  tubing  of  1  mm. 
thickness  and  4  mm.  internal  diameter. 

The  liquid  mixture  was  contained  in  a  thin  walled  steel  tube  A  of  2.75  cm.  internal 
diameter  and  15  cm.  length.  This  tube  was  suspended  in  a  thermostat  containing 
kerosene  which  was  vigorously  stirred  and  whose  temperature  could  readily  be  controlled 
within  0.01".  The  total  volume  of  the  liquid  mixture  in  Tube  A  varied  from  30  oc  to 
70  cc.,  depending  on  the  composition.  A  brass  tube,  B,  12  mm.  o.  d.  by  9  mm.  i.  d.,  and 
20  cm.  long,  was  screwed  and  soldered  to  i4 .  A  steel  core,  having  a  diameter  of  8  mm. 
and  a  length  of  7.5  cm.  was  supported  in  the  bore  of  the  brass  tube  by  a  steel  piano  wire 
spring  of  No.  31  B.  and  S.  gage.     This  spring  was  fastened  to  the  brass  cap  C  which  was 


*  Franklin  and  Kraus,  Am,  Chem.  J.,  23»  284  (1000). 
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screwed  into  a  conical  seat  on  the  top  of  the  tube  A.  A  plunger  stirrer  was  suspended 
from  the  steel  core  by  means  of  a  heavy  steel  wire.  The  core  was  actuated  by  means  of  a 
solenoid  E  in  which  the  current  was  interrupted  once  per  second  by  means  of  a  motor 
driven  contact  breaker.  The  degree  of  stirring  could  be  regulated  by  adjusting  the  posi- 
tion of  the  solenoid  along  the  axis  of  the  brass  tube  and  by  resistance  placed  in  the  sole- 
noid circuit. 

Connection  was  made  with  the  manometer  R  by  means  of  a  mercury  reservoir  F 
of  thin  walled  steel  tubing  of  27  mm.  i.  d.  and  17.5  cm.  length.  To  its  ends  were  welded 
2  short  pieces  of  hexagonal  steel  which  were  machined  to  take  the  various  connections. 
Connection  with  the  mercury  column  was  made  through  the  valve  G.  The  column  had 
a  height  of  7.2  meters.  A  plug  canying  an  insulated  platinum  contact  point  was  screwed 
into  the  top  of  F.  By  means  of  this  dbntact  point,  which  projected  into  a  smaU  opening 
near  the  top  of  the  mercury  reservoir,  the  level  of  the  mercury  cotdd  be  maintained  at  a 
fixed  point  with  ease  and  precision.  The  position  of  the  platinum  point  was  transferred 
to  a  point  on  a  steel  tape  suspended  alongside  the  manometer  coltmm.  Contact  of  the 
mercury  with  the  platinum  point  was  indicated  by  means  of  a  small  electric  lamp.  The 
amount  of  mercury  in  the  reservoir  was  regulated  by  means  of  the  mercury  displacement 
piston  H, 

Connection  between  the  tube  A,  containing  the  liquid  ammonia-liquid  xylene,  and 
the  mercury  reservoir  F,  was  made  by  means  of  a  small  bore  steel  tube  as  shown.  This 
capillary  steel  tube  connection  was  provided  with  a  valve  at  /,  by  means  of  which  the 
space  above  the  mercury  in  the  reservoir  and  the  tube  F  and  in  the  connecting  tube  could 
be  evacuated. 

The  ammonia  supply  was  contained  in  a  hght  steel  cylinder  /.  The  steel  capillary 
tube  connecting  this  container  and  the  tube  A  could  be  evacuated  at  will  through  the 
valve  K.  The  desired  quantity  of  ammonia  was  distilled  from  the  container  /  into  the 
tube  A  on  opening  valves  L  and  M,  During  the  distillation,  the  temperature  of  the 
thennostat  was  maintained  near  8**,  while  the  ammonia  container  was  slightly  warmed 
by  resting  it  on  a  small  electrically  heated  plate.  The  quantity  of  ammonia,  which 
distilled  into  A ,  was  obtained  by  difference  in  the  weight  of  the  container  before  and  after 
the  distillation. 

The  description  of  the  method  of  determining  the  total  vapor  pressure 
of  a  mixture  of  liquid  xylene  and  liquid  ammonia  by  means  of  this  appa- 
ratus follows. 

Experimental  Method. — For  a  mixtm-e  of  a  desired  composition, 
the  proper  amount  of  xylene  was  introduced  into  A  through  B  by  means 
of  a  weight  pipet  having  a  long  stem.  B  was  then  closed  by  Cap  C,  and 
A  was  evacuated.  The  desired  quantity  of  ammonia  was  next  distilled 
into  A  from  J  in  the  manner  described  above.  The  plunger  stirring  the 
liquid  in  A  was  then  set  in  motion  and  the  temperatture  of  the  bath  was 
brought  to  the  value  desired. 

The  valve  G  connecting  the  merciuy  column  and  the  merciuy  reservoir 
was  then  cautiously  opened  and  the  column  allowed  to  adjust  itself  to 
the  pressure  in  the  apparatus,  after  which  mercury  was  forced  into  the 
reservoir  by  means  of  the  displacement  piston  H  until  contact  was  made 
with  the  platinum  point.  The  position  of  the  top  of  the  merciuy  column 
was  read  on  a  graduated  steel  tape  suspended  with  its  zero  point  near  the 
top  of  the  column.    As  soon  as  the  position  of  the  meniscus  of  the  mercury 
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column  became  constant,  two  readings  were  made  at  intervals  of  10  min- 
utes. The  height  of  the  column  of  merciuy  was  given  by  the  diflference 
in  reading  of  the  position  of  the  platinum  point  and  the  position  of  the  top 
of  the  mercury  colunm.  The  temperature  of  the  column  was  obtained 
from  thermometers  placed  at  120cm.  intervals  along  its  height.  The 
barometric  height  and  the  temperatures  were  read  for  every  measurement 
of  the  height  of  the  manometer  column,  and  the  temperature  of  the  room 
in  the  immediate  neighborhood  of  the  apparatus  was  noted.  The  tem- 
perature of  the  thermostat  was  then  changed  to  the  one  next  desired  and 
the  procediure  for  measuring  the  pressure,-  as  just  described,  was  repeated. 

In  general,  for  a  given  composition,  the  run  was  started  at  8°  and  mea- 
surements of  the  pressure  were  made  at  8^  10°,  12°,  14°,  15°,  17°  and  20°. 
In  some  drases,  for  a  mixture  of  given  composition,  the  pressiure  measure- 
ments were  repeated  at  the  various  temperatures  as  the  temperature  was 
varied  from  8°  to  20°  and  back  from  20°  to  8°  by  the  intervals  given  above. 
The  agreement  of  the  measurements  in  any  such  case  was  found  to  lie 
well  within  the  Hmits  of  error  involved  in  other  parts  of  the  experimental 
work. 

Experimental  Results.— In  Table  I  are  given  in  detail  the  data  as 
obtained  for  a  complete  run  at  some  one  composition.  In  Table  II  are 
9 


20        30        40        50        60        70 
Mol  per  cent,  of  ammonia. 
Fig.  2.— Isotherms  of  the  ntfxtures. 
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given  the  values  of  temperature,  pressure,  and  mean  composition  for  all 
experiments  which  were  considered  satisfactory.  It  was  necessary  to 
correct  the  total  composition  of  the  liquid  ammonia-xylene-  mixtures 
for  the  amotmt  of  ammonia  in  the  vapor  above  the  liquid  in  A  and  in  the 
tube  connecting  this  reservoir  with  F.  The  volume,  the  pressure  and  the 
temperature  of  the  vapor  filling  this  space  were  in  all  cases  known,  and  from 
these  data  the  weight  of  ammonia  in  the  vapor  space  was  calculated^ 
assuming  the  laws  of  perfect  gases  to  hold.  While  this  is  far  from  true 
for  ammonia^  at  these  high  pressures,  yet  the  error  introduced  was  neg- 
ligible, since  the  correction  for  ammonia  in  the  vapor  was  in  any  case 
small  compared  with  the  total  amotmt  of  ammonia  present.  This  cor- 
rection ha§  been  applied  to  the  compositions  given  in  Table  II. 

The  temperatiu-es  given  in  Tables  I,  II  and  IV  are  subject  to  the  cor- 
rections indicated  in  Table  III,  which  were  obtained  by  comparing  the 
laboratory  thermometer  used  in  this  investigation  with  a  thermometer 
standardized  by  the  Reichsanstalt. 


Tablb  I 
Detailed  Data  for  a  Run 


Run  No.  6.     Position  of  platinum  point  (transferred  to  steel  tape),  22.917  ft. 

>eratar 
of 
nostat' 

•c. 

Position 

of  top 

of  mercury 

e       column 

on  steel 

»           tape 

Ft. 

Height  of 
mercury 
column 
Cm. 

Average 
temp,  of 
mercury 
column 

Height  of 

mercury 

column 

for  temp.* 
Cm. 

Barometer 
corrected 
for  temp. 
Cm. 

Pressure  of 
mixed 

vapors 
Cm.              Atm. 

8 

20.375 

77.48 

23 

77.19 

72.89 

150.08 

1.975 

10 

20.167 

83.82 

25 

83.49 

72.92 

156.41 

2.058 

12 

19.962 

90.07 

25 

89.71 

72.98 

162.69 

2.141 

14 

19.750 

96.53 

26 

96.11 

72.97 

169.08 

2.224 

15 

19.641 

99.85 

26 

99.43 

72.97 

172.40 

2.268 

17 

19.416 

106.70 

26 

106.25 

72.98 

179.23 

2.358 

20 

19.078 

117.00 

26 

116.52 

72.99 

189.51 

2.493 

*  Temperattu^  subject  to  corrections  given  in  Table  III. 

*  Corrections  obtained  from  "Physikalische-Chemische  Tabellen"  by  I/andolt* 
Bornstein. 

In  Fig.  2  the  pressures  given  in  Table  II  are  plotted  as  ordinates  against 
the  temperatures  as  abscissas.  The  horizontal  portions  of  the  isotherms 
represent  the  mean  composition  of  the  mixtiu-e  for  which  2  liquid  phases 
are  present.  The  end-points  of  the  horizontal  portions  give  the  compo- 
sition of  the  2  liquid  phases  in  equilibrium  with  each  other.  These  points, 
at  which  the  isotherms  become  horizontal,  can  be  estimated  only  roughly 
from  the  plots.  As  it  was  desirable  to  know  the  composition  of  the  2 
liquid  phases  somewhat  more  accurately,  a  separate  set  of  experiments 
was  carried  out  for  their  determination. 


*  Langt,  Z.  angew.  Chem.,  1903,  pp.  511-13. 
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Tablb  II 
Vapor  Prbssurs  and  Mean  Composition  op  Mixturhs  at  Dipperbnt  Tbmpsiatdus 


;  >> 


iff,  }Ui      lu.  iii| 
IP  in      i  M IIM 


9«S"  iV      tit 


Run  4  Run  5  Run  6 

8  4.64  31,0  3.32  17.5  1.97    9.5 

10  4.89  30.9  3.47  17.4  2.06    9.6 

12  5.15  30.9  3.59  17.3  2.14    9.5 

14  5.43  30.8  3.76  17.3  2.22    9.4 

15  5.56  30.8  3.85  17.2  2.27  9.4 
17  5.86  30.8  4.01  17.2  2.36  9.3 
20  6.30  30.7  4.27  17.1  2.49    9.3 

Run   8  Run   9  Run  11 

8  2.46  12.0  4.16  25.2      .  4.87    35.2 

10  2.57  11.9  4.37  25.1  5.14    35.1 

12  2.67  11.9  4.60  25.0  5.43    35.0 

14  2.79  11.8  4.83  25.0  5.73    35.0 

15  2.85  11.8  4.94  25.0  5.88  34.9 
17  2.97  11.8  5.19  24.9  6.20  34.8 
20  3.15  11.7  5.56  24.8  6.70    34.8 

Run  12  Run  13  Run  14 

8  5.01  38.1  5.18  42.6  5.29  46.1 

10  5.31  38.1  5.49  42.5 

12  5.61  38.0  5.81  42.5 

14  5.92  37.9  6.14  42.3  6.30  46.1 

15  6.10  37.9  6.31  42.2  6.46  45.9 
17  6.40  38.0  6.68  42.4 

20  6.93  37.9  7.31  42.2 

Run  15  Run  16  Run  17 

8  5.42  50.1  5.43  54.2  5.48    64.6 

10  5.70  50.2 

Run  18  Run  19  Run  20 

8  5.48  78.1  5.50  86.5  5.51    89.1 

10  5.86  78.1  5.87  86.5  5.88    89.1 

12  6.25  78.1  6.28  86.6  6.29    89.1 

14  6.66  78.1  6.70  86.6  6.70    89.1 

15  6.89  78.0  6.91  86.5  s  6.93  89.1 
17  7.34  78.0  7.36  86.4  7.39  89.1 
20  8.06  78.0  8.10  86.4  8.10    89.1 

Run  21  Run  22  Run  23 

8  5.50  91.2  5.54  96.4  5.62    Pure  anunooii 

10  5.86  91.1  5.92  96.3  6.02    Pure  anunoiDi 

12  6.28  91.1  6.33  96.3  644    Pure  ammomt 

14  6.70  91.0  6.79  96.3  6.90    Pure  ammoint 

15  6.92  91.0  6.98  96.3  7.11  Pure  ammoDtt 
17  7.39  90.9  7.46  96.3  7.60  Pure  ammonia 
20  8.13  90.8  8.19  96.3  '  8.39    Pure  ammooii 
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Run  24 


8 
10 
12 
14 
15 
17 
20 

8 
10 
12 
14 
15 
17 
20 

8 
10 
12 
14 
15 
17 
20 

8 
10 
12 
14 
15 
17 
20 


5.60 
6.00 
6.41 
6.86 
7.09 
7.56 
8.33 


98.7 
98.7 
98.7 
98.7 
98.7 
98.7 
98.7 


Run  26 
5.60    95.1 


Run  28 
5.37    50.2 


5.88 
6.30 
6.73 
6.95 

7.41 
8.18 


95.0 
95.0 
95.0 
95.0 
95.0 
95.0 


Run  30 
5.12    41.3 


Run  31 
5.39    52.3 


Run  32 
5.47    60.8 


5.42 
5.71 
6.06 
6.24 
6.58 
7.13 


41.3 
41.6 
41.1 
41.1 
41.1 
40.9 


5.74 
6.09 
6.46 
6.65 
7.05 
7.68 


52.3 
52.1 
52.1 
52.1 
51.9 
51.9 


5.84 
6.22 
6.61 
6.82 
7.24 
7.91 


60.8 
60.7 
60.7 
60.7 
60.6 
60.5 


Run  33 
5.49    67.5 


Run  34 
5.50    73.4 


Run  35 
5.53    80.2 


5.86 
6.26 
6.67 
6.88 
7.31 
8.01 


67.4 
67.4 
67.4 
67.3 
67.3 
67.3 


5.88 
6.28 
6.69 
6.91 
7.35 
8.06 


73.4 
73.4 
73.4 
73.4 
73.4 
73.4 


Run  36 
5.53    81.8 


Run  37 
5.51    83.4 


5.89 
6.30 
6.72 
6.94 
7.39 
8.12 


81.8 
81.8 
81.8 
81.8 
81.8 
81.8 


5.89 
6.28 
6.70 
6.92 
7.37 
8.10 


83.4 
83.4 
83.4 
83.4 
83.4 
83.4 


*  All  temperatures  given  in  Table  II  are  subject  to  the  corrections  given  in  Table  III. 

Table  III 
Thbrmombtbr  Corrections 


Reading  on 

laboratory 

thermometer 

8 
10 
12 
14 


Reading  on 

Reichsanstalt's 

thermometer 

7.83 

9.82 
11.81 
13.79 


Reading  on 

laboratory 

thermometer 

15 
17 
20 


Reading  on 

Reichsanstalt's 

thermometer 

•C. 

14.79 
16.79 
19.80 


Composition  of  the  Liquid  Phases 
Apparatus. — In  Fig.  3  is  shown  the  apparatus  by  means  of  which 
the  composition  of  the  2  liquid  phases  was  determined.  In  a  preliminary 
experiment,  the  relative  volumes  of  the  2  phases  were  determined  by  ob- 
servations made  on  mixtures  contained  in  a  glass  tube  of  uniform  diameter. 
The  mean  composition  of  the  liquid  mixture  used  in  this  preliminary  ex- 
periment corresponded  to  that  at  the  critical  point,  K^  which  was  esti- 
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mated  from  the  plot  shown  in  Fig.  2.  The  relative  volumes  of  the  2  layers 
in  the  glass  tube  changed  only  a  few  per  cent,  for  a  temperature  change  from 
8°  to  14.7°,  the  temperatiure  of  the  critical  end-point.  With  this  knowl- 
edge of  the  volumes  occupied  by  the  2  phases  of  a  mixture  of  known  mean 
composition,  the  apparatus  shown  in  Fig.  3  was  designed.  The  volumes 
of  the  chambers  A,  B  and  C  were  so  proportioned  that,  when  in  an  upright 
position,  the  surface  separating  the  two  hquid  layers  should  always  come 
within  the  mid  section  B  for  temperatures  from  8°  to  14**. 

Procedure. — The  procedure  adopted  in  mak- 
ing a  determination  of  the  composition  of  the 
two  liquid  phases  at  a  given  temperature  is  as 
follows.  The  desired  quantity  of  xylene  was  nm 
into  Chamber  C  from  a  weight  pipet.  The  two 
parts  of  the  apparatus  were  then  screwed  together 
at  the  conical  joint  D,  and  the  whole  was  then 
placed  in  the  thermostat  in  an  upright  position 
with  Chamber  C  at  the  bottom.  The  outlet  valve 
E  was  connected  by  means  of  a  steel  tube  to  the 
valve  AT,  shown  in  Fig.  1.  After  evacuation,  the 
desired  quantity  of  ammonia  was  distilled  into  the 
apparatus.  The  quantity  of  ammonia  introduced 
was  obtained  by  difference  in  the  weight  of  the 
container.  Valve  E  was  then  closed  and  the  whole 
apparatus  was  shaken  at  brief  intervals,  for  a 
period  of  half  an  hour.  The  apparatus  was  then 
allowed  to  remain  at  rest  for  10  or  15  minutes 
to  allow  thorough  separation  of  the  layers.  Valve 
F  was  then  closed,  thus  sealing  a  portion  of  the 
Fig.  3.— Apparatus  em-  lower,  heavier  layer  in  Chamber  C.  A  valve  shown 
ployed  in  determining  the  at  G  was  next  opened  to  allow  for  the  expansion 
composition  of  the  liquid  ^j  ^^  y  -^  ^^^  ^^  temperature  rise  when  the 
phases 

apparatus    was  removed   from   the   bath.      The 

valve  H  was  then  closed,  sealing  a  portion  of  the  upper,  lighter  layer 
in  the  chamber  A,  The  apparatus  was  then  removed  from  the  bath, 
the  portion  in  the  mid  section  B  was  discarded  through  valve  £,  after  which 
the  two  parts  of  the  apparatus  were  separated  at  the  conical  joint  D, 
Each  portion  of  the  apparatus  was  weighed.  The  ammonia  in  A  and  C 
was  determined  by  running  these  portions  into  known  quantities  of  stand- 
ard sulfuric  acid  and  titrating  back  with  sodium  hydroxide.  The  empty 
parts  of  the  apparatus  were  then  again  weighed,  and  the  weight 
of  the  sample  of  the  liquid  layer  was  obtained  by  difference. 

Experimental  Results. — The  following  are  the  data  in  detail  as  ob- 
tained in  one  of  these  determinations. 
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EXPBRIMBNT  6   AT   12*' 
Wt.  of  part  of  apparatus  containing  upper  portion  of  xylene- 

dmmonia  mixture 481 .630  g. 

Wt.  of  apparatus  empty 480.326  g. 

Wt.  of  sample  of  xylene-ammonia 1 .304  g. 

Vol.  of  0.953  N  H2SO4  neutralized  by  xylene-ammonia  sample .       49 .  89  cc. 

Ammonia  in  sample 0.04760  mols  o  0.810  g. 

Xylene  in  sample 0.494g.  o  0.00467  mob 

Mol  per  cent,  of  ammonia '. 90.3 

Wt.  of  part  of  apparatus  containing  lower  portion  of  xylene- 
ammonia  mixture 429.648  g. 

Wt.  of  apparatus  empty 427. 585  g. 

Wt.  of  sample  of  xylene-ammonia 2. 063  g. 

Vol.  of  0.953  N HsSO*  neutralized  by  xylene-ammonia  sample .       27.27  cc. 

Ammonia  in  sample 0.0260  mob  o  0.442  g. 

Xylene  in  sample 1.621  g.  o  0.0153  mob 

Mol  per  cent,  of  ammonia 63 . 0 

In  Table  IV  are  given  the  results  of  the  determinations  of  the  compo- 
sition at  8°,  10"*,  12^  and  14**.  In  Fig.  2,  these  values  of  the  composition 
are  represented  on  their  respective  isotherms  as  points  surrounded  with 
circles. 

Table  IV 
Composition  of  the  Two  Liquid  Phases  at  Different  Temperatures 

NHt  NHi 

in  in 

npper  lower 

Run                        Temp.                       layer  layer 

•C.                            %  % 

12  8  93.7  66.5 

13  8  03.4  56.8 

14  8  93.4  56.8 

3  10  92.0  60.5 

4  10  92.4  60.3 

5  10  91.7  59.6 

15  10  92.3  60.4 

6  12  90.3  63.0 

7  12  90.3  64.0 
11  12  90.9  64.3 

8  14  87.2 

9  14  87.2  71.8 
10  14  88.1  71.8 

Av.  8  93.6  56.7 

Av.  10  92.2  60,4 

Av.  12  90.5  63.8 

Av.  14  87.5  71.8 

The  composition  of  the  two  liquid  phases  was  determined  at  the  boiling 
point  of  liquid  ammonia  at  atmospheric  pressure  by  means  of  another 
apparatus.  In  this  experiment  a  known  weight  of  xylene  was  run  into 
a  glass  tube  which  was  provided  with  a  stirrer  and  which  ^as  immersed 
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in  liquid  ammonia  contained  in  a  Dewar  flask.  After  exhausting,  ammonia 
was  distilled  into  the  tube  tmtil  2  phases  appeared,  the  liquid  being  vig- 
orously stirred  in  the  meantime.  The  amount  of  ammonia  distilled  over 
was  determined  by  the  change  in  the  weight  of  the  supply  container.  By 
this  means  the  composition  of  the  solution  rich  in  xylene  was  determined. 

To  obtain  the  composition  of  the  phase  rich  in  ammonia,  the  above 
procedure  was  repeated,  but  with  a  small  amount  of  xylene  present  at  the 
beginning.  The  point  was  noted  at  which  the  xylene  phase  disappeared. 
From  the  known  weights  of  xylene  and  ammonia  present,  the  composition 
of  the  phase  rich  in  ammonia  was  thus  found. 

It  was  difficult  to  determine  accurately  the  appearance  of  a  second 
phase  or  the  disappearance  of  the  first  phase,  and  tiie  results  obtained  in 
this  part  of  the  work  may  be  in  error  by  several  per  cent.  The  values 
found  were  10. 0  mol  per  cent,  of  ammonia  for  the  phase  rich  in  xylene,  and 
0.56  mol  per  cent,  of  xylene  in  the  phase  rich  in  ammonia. 

The  broken  line  curve  shown  in  Pig.  2,  passing  through  the  drdes  on  the 
isotherms,  represents  the  composition  of  the  liquid  phases  in  equilibrium 
with  each  other. 

Discussion 

The  form  of  the  pressure-concentration  isotherms  shown  in  Fig.  2 
places  the  system  ammonia  :f»«toxylene  among  Btidmer's  first  type,^ 
in  which  the  pressure  of  the  3-phase  system  lies  intermediate  between 
that  of  the  pure  components.  In  general,  it  has  been  found  that  liquid 
pairs  having  relatively  high  boiling  points  fall  within  this  class,  while 
liquid  pairs  whose  boiling  points  are  comparable  fall  within  the  class  in 
which  the  pressure  of  the  3-phase  system  is  higher  than  that  of  the 
components. 

Btidmer  has  fotmd,  as  a  result  of  an  examination  of  a  large  number  of 
systems  of  this  type,  that  a  temperature  diflFerence  of  at  least  100**  must 
exist  between  the  boiling  points  of  the  two  compounds,  in  order  that  they 
should  fall  within  this  class.  There  are,  however,  several  exceptions  to 
this  rule.  Biichner  finds  also  that  the  ratio  of  the  critical  temperatures 
of  the  pairs  which  belong  to  this  group  has  a  value  equal  to,  or  greater  than, 
1.4.  The  system  ammonia:  xylene  fulfils  both  these  conditions,  the  dif- 
ference in  the  boiling  points  being  172.7°,  while  the  ratio  of  the  critical 
temperatures  is  1.41. 

Considering  the  isotherms,  the  behavior  of  the  mixtures  of  ammonia  and 
xylene  is  such  as  might  be  expected.  At  temperatures  below  the  critical 
end-point,  the  isotherms  appear  very  much  flattened  at  compositions  ap- 
proaching those  of  the  2  liquid  phases.  So,  also,  above  the  critical  point, 
the  isotherms  at  compositions  in  the  neighborhood  of  the  critical  compo- 
sition are  comparatively  flat.  This  system  differs  from  other  systems 
*  Ref .  2,  p.  34. 
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most  laigely,  perhaps,  in  that  the  critical  region  is  relatively  contracted 
on  one  side  of  the  figure.  Whereas  in  many  cases  the  critical  composition 
lies  in  the  neighborhood  of  50%  of  the  2  components,  in  this  system  the 
critical  composition  has  a  value  of  approximately  82  mol  per  cent,  of  am- 
monia. As  may  be  seen  from  Pig.  2,  the  composition  of  the  2  liquid 
phases  diverges  largely  at  lower  temperatures,  so  that  at  the  boiling  point 
of  liquid  ammonia  the  phase  rich  in  xylene  contains  only  10  mol  per  cent, 
of  ammonia  while  that  rich  in  ammonia  contains  only  0. 56  mol  per  cent. 
of  xylene.  From  the  form  of  the  curve,  it  may  be  inferred  that  this 
system  will  not  exhibit  a  lower  critical  end-point.  In  any  case,  the  freezing 
point  of  ammonia  is  reached  at  a  temperature  of  approximately  —76**, 
and  a  solid  phase  thus  intervenes.  It  is  doubtful,  however,  whether  this 
system  may  be  looked  upon  as  having  a  lower  critical  end-point,  even  in 
the  metastable  regions. 

Very  striking  is  the  large  deviation  of  the  pressure  curves,  which  in 
this  case  are  practically  identical  with  the  partial,  pressure  curves  of  am- 
monia, from  Raoult's  law  at  low  concentrations  of  xylene.  It  is  theo- 
retically necessary  that,  at  the  ammonia  axis,  the  pressture  curves  shall 
become  tangent  to  the  straight  line  joining  the  pressing  of  this  component 
with  the  origin  on  the  opposite  side  of  the  diagram.  It  is  evident,  from 
the  form  of  the  curves,  that  the  deviations  from  Raoult's  law  must  be  l^ge 
even  at  relatively  low  concentrations.  There  is  thus  an  intubate  relation 
between  the  deviations  from  Raoult's  law,  that  is  to  say,  the  deviations  of 
a  real  system  from  that  of  an  ideal  one,  and  the  appearance  of  new  phases 
in  the  system.  Our  knowledge  of  the  fundamental  causes  leading  to  a 
separation  of  a  system  into  2  phases  is  as  yet  too  limited  to  enable  us  to 
interpret  the  phenomena  observed,  but  it  is  clear,  even  now,  that  the  ap- 
pearance of  new  phases  involves  appreciable  deviations  from  the  laws  of 
ideal  systems.  The  greater  the  difference  in  the  physical  properties  and 
constitution  of  the  components  in  a  mixture,  the  lower  is  the  concentration 
at  which  the  deviations  from  ideal  systems  reach  appreciable  values; 
and  the  lower  is  the  concentration  of  the  second  component  at  which  a 
new  phase  may  appear.  This  is  strikingly  illustrated  in  the  case  of  the 
system  sodium: liquid  ammonia,  in  which  a  critical  phase  appears  having 
a  composition  of  approximately  97  mol  per  cent,  of  ammonia.^  This  corre- 
sponds to  a  concentration  a  little  above  normal. 

It  follows  from  the  theory  of  liquid  mixtures  that  the  isotherms  in  the 
homogeneous  regions  are  two  branches  of  a  continuous  curve,  which  rep- 
resents the  pressure  of  a  homogeneous  system  over  the  complete  concen- 
tration range.  Between  the  compositions  of  the  2  liquid  phases,  however, 
the  homogeneous  states  are  metastable  and  unstable,  and  are  therefore 
only  realizable  in  part,  excepting  on  the  critical  isotherm.  It  has  not 
•  Kraus,  This  Journal,  29, 1557  (1907).    Ruff  and  Zedner,  Ber.,  41, 1948  (1908). 
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been  found  possible  thus  far  to  evolve  a  theoxy  of  mixtures  sufficiently 
general  in  nature  to  include  the  case  of  systems  in  which  one  or  both  of  the 
components  are  abnormal  liquids.  It  is  clear,  however,  that  the  theoretical 
isotherm  must  exhibit  a  maximutn  and  a  minimum  in  this  region.  In 
the  figure,  the  broken  line  cotmecting  the  points  B  and  C  indicates  such 
a  form  of  the  curve.  It  may  be  inferred,  since  the  isotherms  immediately 
above  the  critical  end-point  as  well  as  in  the  homogeneous  regions  adjacent 
to  the  3-phase  equilibrium  are  comparatively  flat,  that  the  theoretical 
isotherm  throughout  the  metastable  and  unstable  regions  will  be  com- 
paratively flat. 

Summary 

1.  The  total  vapor  pressure  of  liquid  mixtures  of  ammonia  and  meiQ' 
xylene  has  been  determined  for  the  entire  range  of  compositions  at  tem- 
peratures of  8^  10°,  12^  14°,  15°.  17°  and  20°.  Mixtures  of  hquid  am- 
monia  and  m^toxylene  exhibit  a  critical  end-point  at  14.7°  at  a  pressme 
of  6. 85  atmospheres  a^d  a  composition  of  81 . 4  mol  per  cent,  of  ammonia. 

2.  The  composition  of  the  liquid  phases  in  equilitMrium  with  each  other 
in  the  3-phase  system  has  been  determined  at  the  temperatures  given 
above  and  at  —  33 . 5°.  At  lower  temperatures  the  percentage  of  ammonia 
in  the  phase  rich  in  xylene  decreases  very  markedly  with  the  temperature. 

3.  The  significance  of  the  results  obtained  is  briefly  discussed. 
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1.    Introdttctioti 

When  an  excess  of  ammonia  is  added  to  a  concentrated  solution  of  nickel 
nitrate  in  water,  faintly  blue  isotropic  octahedra  are  obtained  to  which 
have  been  assigned  the  composition  Ni(N03)2.4NH8. 1  (or  2)H20.  By 
the  slow  cooling  of  a  solution  of  appropriate  concentration,  large  and  per- 
fect crystals  of  this  salt  are  readily  obtained.  These  crystals,  however, 
decompose  rapidly  at  room  temperature,  so  that  diffraction  measurements 
were  possible  only  after  covering  the  crystal  with  a  protecting  coating  of 
wax. 
Comparison  reflection  spectra  prepared  in  the  usual  manner^  from  a 

1  Member  of  the  Staif  of  the  Geophysical  Laboratory  of  the  Carnegie  Institution 
of  Washington. 

*  Wyckoff,  This  Journai«,  42,  1100  (1920). 
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cleavage  face  of  calcite  (and  of  rock  salt)  and  an  octahedral  face  of  one  of 
these  crystals,  combined  with  its  density,  1.46  as  determined  by  a  flo- 
tation-Westphal  balance  method,  gave  the  following  values  of  w/w',  the 
ratio  of  the  number  m  of  chemical  molecules  in  the  unit  cell,  to  the  cube 
of  the  order  of  the  reflection  n. 

m/n»=4.34,  if  the  composition  is  Ni(NOi)s.4NH,.HsO, 
m/n»=4.07.  if  the  composition  is  Ni(N08)s.4NH3.2HiO. 

The  first  of  these  values  does  not  correspond  to  any  integral  number  of 
chemical  molecules  within  the  imit  cube;  the  second  is,  however,  in  suffi- 
ciently close  agreement  with  the  value  tn  =  4.  It  thus  became  evident 
that  the  first  formula  could  not  be  a  correct  representation  of  the  compo- 
sition of  these  crystals.  When,  making  the  accustomed  use  of  the  re- 
sults of  the  theory  of  space  groups,'  a  plausible  structure  containing  4 
molecules  of  Ni(N03)2.4NH3.2H20  within  the  unit  was  sought,  it  was  found 
that  none  was  possible.  The  incorrectness  of  the  two  assigned  compositions 
of  this  salt,  which  thus  became  apparent,  led  to  the  following  analyses. 

2.  Analysis  of  the  Nickel  Nitrate  Hexanmioniate 
It  was  assumed  that  the  crystals  have  the  composition  Ni(N03)2.- 
xNHz.yHiO.  Proceeding  upon  this  basis  two  analyses  were  made: 
(1)  a  determination  of  the  ammonia  content,  and  (2)  a  determination  of 
the  amount  of  substance  volatilized  by  ignition  to  nickel  oxide  (NiO). 
The  amount  of  ammonia  was  obtained  by  adding  a  weighed  portion  of  the 
salt  directly  to  a  known  amount  of  standard  hydrochloric  acid  solution 
and  titrating  back  the  excess  of  acid  with  standard  alkali,  using  methyl 
red  as  indicator.  The  correctness  of  this  direct  titration  was  assiu^ed 
through  comparison  with  an  analysis  by  a  Kjeldahl  distillation. 

The  samples  were  prepared  by  the  following  procedure.  The  salt  was  precipitated 
as  a  fine  powder  by  the  addition  of  an  excess  of  ammonium  hydroxide  to  a  cold  cone, 
solution  of  nickel  nitrate.  This  precipitate  was  collected,  washed  repeatedly  and  rapidly, 
first  with  alcohol  and  then  with  ether,  and  kept  in  a  refrigerated  desiccator  for  at  least 
12  hours  Before  weighing,  in  order  that  the  salt  might  become  free  from  ether.  In  this 
manner  a  constant  weight  was  attained.  After  washing,  the  tem|>erature  of  the  salt  was 
not  allowed  to  rise  above  0**  imtil  immediately  before  use. 

Two  determinations  of  the  ammonia  content  gave  35. 65%  and  35.58% 
in  the  salt.    The  theoretical  percentage  for  Ni(N03)2.6NH8  is  35.87%. 

Two  determinations  of  the  loss  on  igniting  the  salt  to  nickel  oxide  re- 
sulted as  follows. 


(1) 

(2) 

(3) 

(4) 

(5) 

Wt.  sample 

Wt.  NiO 

wt.  Ni(N03)» 
(calc.  from  (2)) 

"Volatile  matter" 
(1)  minus  (3) 

"VoUtile 
matter" 

G. 

G. 

G. 

G. 

% 

0.3719 

0.0977 

0.2390 

0.1329 

36.73 

0.2034 

0.0634 

0.1306 

0.0728 

35.76 

Theoretical 

"Volatile  mattei 

"  in  Ni(N03)2.6NH, 

36.87 

» Wyckoff,  Am,  J,  Scl,  1,  127  (1921),  etc. 
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From  these  two  sets  of  experiments  it  is  clear  that  the  true  compositioa 
of  these  crystals  is  Ni(N08)2.6NH8. 

3.    The  Crystal  Structtire  of  the  Nickel  Nitrate  Hezammoniate 

As  already  indicated,  reflection  spectra  from  the  octahedral  face  showed 
that  4  molecules  of  Ni(N08)«.4NH3.2H20  could  be  associated  with  the 
unit  cube.  The  molecular  weights  of  ammonia  and  of  water  are  nearly 
equal  so  that  the  same  calculation  shows  that  either  4  or  32  molecules 
of  Ni(N08)».6NH8  must  be  contained  within  the  unit  cell.  With  4 
molecules,  the  length  of  the  side  of  this  unit  becomes  10.96  A.  U. 
(10.96  X  10-»  cm.). 

The  analysis  of  a  series  of  Laue  photographs  with  the  incident  X-rajrs 
roughly  normal  to  octahedral  faces  and  the  subsequent  determination 
of  structiu-e  were  carried  out  by  methods  already  described.* 

Tabls  I 
Laub  PHOTOGRAPrac  Data"  FOR  Ni(NC)8)j.6NHj 


Appearing  planes 

Absent  planes 

Indices  of  re- 

Relative 

Wave 

Estimated 

Indices  of  re- 

Relative 

Wave 

flecting  plane 

spacing 

length 

intensity 

flecting  plane 

spacing 

length 

513 

0.169 

0.427 

10 

450 

0.156 

0.498 

515 

0.140 

0.397 

7 

423 

0.149 

0.475 

551 

0.140 

0.376 

6 

362 

0.143 

0.497 

355 

0.130 

0.429 

7 

461 

0.137 

0.422 

663 

0.130 

0.458 

7+ 

164 

0.137 

0.488 

137 

0.130 

0.440 

2 

525 

0.136 

0.419 

373 

0.122 

0.397 

2 

065 

0.128 

0.451 

175 

0.115 

0.386 

2 

360 

0.128 

0.358 

517 

0.115 

0.417 

4 

714 

0.123 

0.438 

57T 

0.115 

0.323 

0.5 

274 

0.120 

0.396 

765 

0.100 

0.400 

1 

472 

0.120 

0.369 

159 

0.096 

0.430 

0.5 

716 

0.107 

0.395 

915 

0.096 

0.400 

0.1 

. . . 

221 

0.333 

0.947 

10 

, . 

122 

0.333 

0.828 

8 

, , 

320 

0.277 

0.773 

4 

, . 

322 

0.242 

0.771 

2 

. , 

... 

332 

0.213 

0.849 

3 

... 

431 

0.196 

0.770 

0.5 

.. 

612 

0.182 

0.866 

0.1 

360 

0.171 

0.966 

0.1 

433 

0.171 

0.773 

0.5 

•  Only  typical  data  from  a  single  photograph  are  recorded  in  this  table.  The  esti- 
mated intensities  are  not  to  be  considered  as  furnishing  more  -than  a  general  idea  of  the 
intensities  of  the  various  diffraction  spots. 

The  characteristics  of  the  Laue  photographs  furnished  by  this  salt  are 
almost  identical  with  those  given  by  the  photographs  from  the  hexammo- 

*  Wyckoflf,  Am,  J.  Set.,  50,  317  (1920).  Wyckoff  and  Posnjak,  This  JouRNAt, 
43,  2292  (1921). 
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niates  of  the  nickel  halides.^  No  planes  were  found  to  reflect  in  the  first 
order  region  except  those  having  all  odd  indices.  Furthermore,  the  in- 
tensity pecuharities  of  these  all  odd  planes  closely  resemble  those  of  the 
haUdes.  The  nature  of  the  data  obtained  from  these  photographs  will 
be  seen  from  Table  I.  In  the  double  endeavor  to  increase  the  number  of 
reflections  foimd  in  the  Laue  photographs  and  particularly  to  bring  out 
spots  in  the  first  order  having  other  than  all  odd  indices,  exposures  three 
to  four  times  as  long  as  usual  were  made ;  but  for  the  first  purpose  these 
long  exposures  had  little  success,  and  in  the  second  regard  they  failed 
utterly. 

In  order  to  preserve  the  existence  of  NH3  as  a  distinct  grouping  of 
atoms,  it  was  necessary  to  assign  the  hexammoniate  halides^  to  the  para- 
morphic  hemihedry  (pyritohedral  class)  of  the  cubic  system.  The  same  is 
true  for  this  salt.  It  is  thus  apparent  that  this  crystal  must  have  the 
symmetry  of  one  of  the  three  paramorphic  space  groups  permitting  4 
molecides  within  the  unit  cube,  Th*,  Th'  and  Th*.  Methods  are  at  hand 
for  distinguishing  among  these  three  space  groups  on  the  basis  of  the  Laue 
photographic  data  to  which  they  give  rise,  as  will  be  shown  in  detail  in 
a  subsequent  pubUcation.  These  methods  are  applicable  to  the  present 
case  because  there  are  24  oxygen  atoms  and  because  the  first  and  last  of 
these  space  groups,  being  built  upon  a  simple  cubic  lattice,  have  24  as  the 
maximum  number  of  equivalent  positions  within  the  tmit  cell.  The  fact 
that  only  all  odd  planes  are  found  in  the  first  order  would  assign  this 
crystal  to  Th',  the  space  group  corresponding  to  the  hexammoniate  halides. 
As  reference  to  this  previous  work  will  show,  the  arrangement  of  the  atoms 
in  Ni(NOj)a.  6NH3  would  then  have  to  be  as  follows:  Nickel,  arrangement 
4(b);  Nitrogen  (nitrate),  8(e);  Nitrogen  (ammonia),  24  (c);  Oxygen, 
24(a)  or  24(c)  with  a  value  of  u  different  from  that  of  the  ammonia  nitrogen 
atoms;  Hydrogen,  one  grouping  of  atoms  at  24(c)  with  a  still  different 
value  of  w,  and  one  grouping  of  48  equivalent  atoms. 

Both  of  these  possible  positions  for  the  oxygen  atoms  not  only  require 
that  the  distance  between  nitrate  nitrogen  atoms  and  oxygen  atoms  should 
be  very  much  greater  than  the  corresponding  distance  found  in  sodium 
nitrate,'  but  they  also  destroy  the  nitrate  group  itself.  In  view  of  these 
surprising  restdts  it  seems  desirable  to  see  whether  special  values  cannot 
be  given  to  the  coordinate  positions  of  atoms  in  either  Th'  or  Th*  which 
permit  the  arrangements  thus  resulting  likewise  to  cohform  with  the  dif- 
fraction data.  By  following  an  orderly  procedure  it  can  be  shown  that, 
though  Th*  cannot  be  made  to  approach  a  face-centered  structure,  ap- 
propriate coordinate  values  can  be  found  for  the  space  group  Th'- 

»  Ralph  W.  G.  Wyckofif,  This  Journal,  44,  1239  (1922). 

•W.  h.  Bragg,  Proc.  Roy,  Soc.,  89A,  468  (1914).    Wyckofif,  Phys.  Rev.,  [2)  16, 

149  (1920). 
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The  most  generally  placed  equivalent  positions  of  Th*  are  as  follows.' 

Twenty-four  equivalent  positions  within  the  unit: 

xyz;  x-|-J,}-y,z;  i,y+J,J-z;  J-x,y,z-hJ; 
zxy;  z,x+J,i-y;  J-z,x,y+};  5+iJ-x,y; 
yzx;  J-y,z,x+J;  y+i,i~z,x;  y,z-hi,i-x; 
xyz;  i-x,y+J,z;  x,§-y,z+i;  x+iy,J-z; 
zxy;  z,}-x,y+};  z-hi,x,i-y;  J-z,x+i»y; 
yzx;  y-f  J,z,i-x;  i-y,z-f  i,x;  y,i-z,x-f  i- 

The  following  special  positions  reduce  the  number  of  equivalent  po- 
sitions. 

Eight  equivalent  positions: 
8(h): 

uuu;  u-|-i,i  — u,Q;  fi,u-|-i,}  — u;  }  — u,u,u-fi; 
Quu;  J— u,u-fj,u;  u,J— u,u+i;  u+J,u,i— u; 

Four  equivalent  positions: 
4(b):  000;  OiJ;  iiO;  J0|. 
4(c):  Jii;iO0;0Oi;0JO. 

It  is  readily  seen  that  by  assigning  to  u  the  value  V*,  both  the  nickd 
atoms  and  the  nitrate  nitrogen  atoms  will  occupy  identically  the  same 
positions  that  they  have  in  the  arrangement  deducible  from  T^*;  they 
consequently  will  contribute  nothing  to  first  order  reflections  from  planes 
having  other  than  all  odd  indices.  By  an  appropriate  equating  of  the 
coefficients  in  the  intensity  expressions  for  the  most  general  positions 
of  equivalent  atoms,  all  of  the  particular  values  of  x,  y,  and  z  which  will 
permit  of  first  order  reflections  from  all  odd  planes  can  be  found.  These 
prove  to  be  identical  with  the  two  special  cases  of  24  equivalent  positions 
which  are  derivable  from  the  space  group  Th^.  They  consequently  intro- 
duce no  new  possibilities. 

Two  alternatives  are  presented.  One  consists  in  taking  the  diffrac- 
tion data  at  their  face  value  and  assigning  Ni(N03)».6NH3  to  the  space 
group  Th'  in  view  of  the  complete  absence  of  first  order  reflections  ex- 
cept from  all  odd  planes ;  but  it  has  been  pointed  out  that  such  an  arrange- 
ment of  the  atom3  destroys  the  identity  of  the  nitrate  group  by  its  equal 
association  of  6  oxygen  atoms  with  each  nitrogen  atom.  The  other  al- 
ternative is  to  assiune  that  first  order  reflections  from  planes  having  even 
indices  really  exist,  but  with  an  intensity  too  faint  to  be  detected  in  the 
Laue  photographs.  This  crystal  would  then  have  the  symmetry  <rf  the 
space  group  T^*,  with  atomic  positions  either  identical  with  or  closely 
approximating  those  arising  from  Th'.  According  to  this  arrangement 
the  nickel  atoms  are  to  be  fotmd  at  the  positions  of  4(b),  the  nitrate  nitro- 
gen atoms  at  8(h),  and  the  ammonia  nitrogen  and  the  oxygen  atoms  in 

^  The  designations  employed  are  those  used  in  the  writer's  book  entitled  "An  Ana- 
lytical Representation  of  the  Theory  of  Space  Groups"  shortly  to  be  published  by  the 
Carnegie  Institution  of  Washington. 
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general  positions.  In  order  to  satisfy  the  diffraction  data,  it  is  necessary 
that  the  value  of  u  for  the  nitrate  nitrogen  atoms  be  approximately  ^/a, 
and  that  the  ammonia  nitrogen  atoms  be  either  exactly  in,  or  very  do^ 
to,  the  positions  designated  by  the  coordinate  values  vOO,  where  v  is  some- 
what less  than  0 .  25.  This  is  in  accord  with  the  relation  between  the  nickel 
atom  and  its  coordinated  ammonia  molecules  as  deduced  from  a  study  of 
the  hexammoniate  halides.  The  absence  of  strong  first  order  reflections 
from  other  than  all  odd  planes  and  of  any  observable  diss3rmmetry  in  the 
photograph  (such  as  is  apparent  in  the  photographs  of  crystals  having 
pyiitohedral  symmetry)  suggests  that  the  oxygen  atoms  should  not  deviate 
far  from  the  positions  V^V^O.  The  same  procediure  which  showed  that 
arrangements  24(a)  and  24(c)  arise  from  Th*  indicates  that,  because 
*/j  of  the  atoms  destructively  interfere  with  one  another  in  the  first  order, 
the  intensity  of  reflection  from  an  arrangement  having  the  coordinate 
values  V^V^'  is  particularly  sHght.  ^  It  consequently  becomes  apparent 
that,  if  this  second  alternative  is  the  correct  one,  the  oxygen  atoms  cannot 
vary  greatly  from  the  positions  designated  by  ^/i^/iv'.  Calctdations  of 
intensity  were  carried  out  in  the  usual  manner  for  different  values  of  u 
for  the  nitrate  nitrogen  atoms  and  of  v'  for  the  oxygen  atoms;  a  compari- 
son of  such  calculated  intensities  with  those  of  planes  actually  appearing 
in  the  photographs  indicates  that  both  u  and  v'  may  have  a  considerable 
range  about  the  positions  u  =  V4  and  v'  =  0  without  the  amplitudes 
which  they  might  contribute  to  first  order  reflections  being  significant. 

There  is  good  reason  for  believing  that  this  second  alternative  is  the  cor- 
rect one.  Barium  and  strontium  nitrates  give  crystals  whidi  upon  the 
basis  of  the  diffraction  data  they  furnish  have  been  assigned^  to  the  space 
group  Th*.  In  connection  with  the  present  work  Laue  photographs 
of  both  barium  and  strontium  nitrate  have  been  examined  with  results 
which  agree  with  the  previous  ones  in  ascribing  ihem  to  this  space  group. 
Diffraction  data  from  crystals  of  Zn(Br03)2.6H20  and  Ni(C108)j.6HjO, 
taken  as  substances  similar  in  nature  to  the  compound  under  investiga- 
tion,* agree  in  assigning  both  of  these  crystals  definitely  to  this  space 
group  Th*.  It  consequently  seems  probable  that  Ni(NOj)j.6NH8  also 
has  the  symmetry  of  Ti,'  with  such  values  of  the  coordinate  positions  of 
its  atoms  as  to  make  it  approach  closely  to  a  tndy  face-centered  structure. 
Accordingly,  the  positions  of  the  atoms  within  a  unit  cell  of  this  crystal 
are  as  follows:  Nickel,  arrangement  4(b);  Nitrogen  (nitrate),  8(h), 
with  a  value  of  u,  the  variation  of  which  from  u  =  Vi  may  be  appreciable; 
Nitrogen  (ammonia),  general  positions  but  with  values  of  the  coordinates 
equal  or  close  to  x  =  v,  y  =  0,  z  =  0,  where  v  has  a  value  somewhat  less 
than  0.25;   Oxygen,  general  positions  but  with  values  of  the  coordinates 

«  Nishikawa  and  Hudinuki,  Proc,  Tokyo  Math.  Phys.  5oc.,  [2]  9,  197  (1917). 
*  A  brief  discussion  of  the  structures  of  these  crystals  will  be  given  in  a  later  paper. 
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probably  close  to  x  «=  V4»  y  =  V**  z  ^  v',  where  the  variation  of  v'  from 
zero  cannot  be  ascertained  with  accuracy;  Hydrogen,  three  sets  of  general 
positions  which  group  the  three  hydrogen  atoms  about  each  ammonia 
nitrogen  atom. 

The  structure  thus  assigned  to  Ni(NOs)2.6NHs  is  like  that  possessed 
by  NiClt.  6NHs  with  nitrate  groups  replacing  the  chlorine  atoms,  except 
that  the  centers  of  the  nitrate  groups  may  be  displaced  along  the  body 
diagonals  of  the  unit  much  as  are  the  sulfur  atoms  in  pyrites. 

Structures  which  are  at  all  probable  in  a  chemical  sense  and  which  in- 
volves an  atomic  equivalence  different  from  that  here  asstuned  (such,  for 
example,  as  those  arising  from  the  assumption  that  two  of  the  oxygen  atoms 
of  a  nitrate  group  are  different  from  the  third),  cannot  be  made  to  conform 
with  the  experimental  data.  Neither  is  it  apparent  that  anything  is  to 
be  gained  by  assuming  that  32  molecules,  instead  of  4,  are  contained  within 
the  unit  cube. 

Summary 

From  X-ray  spectrum  measurements  and  space  group  reasoning  it  can 
be  shown  that  the  crystals  formed  on  the  addition  of  ammonia  to  a  solution 
of  nickel  nitrate  cannot  have  the  composition  usually  ascribed  to  them. 
Careful  chemical  analysis  proves  them  to  be  Ni(N0«)t.6NHs.  A  study 
of  the  Laue  photographs  of  these  crystals  by  the  generally  applicable 
methods  which  use  the  theory  of  space  groups  indicates  that  they  have 
a  structure  similar  to  that  of  the  previously  studied  nickel  hexammoniate 
halides  with  nitrate  groups  replacing  the  halogen  atoms,  and  the  ammonia 
groups  related  to  the  nickel  atoms  in  the  same  manner  in  both  compounds. 
The  positions  of  the  atoms  of  the  nitrate  groups  cannot,  however,  be  de- 
termined with  great  accuracy.  Both  the  symmetry  characteristics  and 
the  diffraction  data  permit  the  same  kind  of  displacement  of  the  nitrate 
nitrogen  atoms  as  is  experienced  by  the  sulfur  atoms  in  pyrites.  The  length 
of  the  side  of  the  unit  cube  has  been  determined  as  10.96  A.  U. 
Pasaosna,  Cai^ipcania 
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Introduction 
Within  recent  years  various  methods  of  "rapid  electrolysis"  for  the 
estimation  of  metals  have  been  developed  and  have  become  widely  used. 
An  extensive  bibliography  seems  tmnecessary,  but  it  may  be  noted  that 
Gooch  and  Medway^  proposed  rotation  of  the  cathode;  Exner*  proposed 
rotation  of  the  anode;  Fischer*  showed  that  vigorous  stirring  of  the  elec- 
trol)rte  by  any  means  achieved  the  desired  result;  and  Frary*  utilized  the 
effect  of  a  magnetic  field  to  stir  the  electrolyte.  The  present  paper  de- 
scribes a  simple  glass  apparatus  in  which  stirring  of  the  electrolyte  is 
effected  indirectly  by  a  current  of  air,  and  with  which  results  have  been 
obtained,  as  rapid  and  as  accurate  as  those 
afforded  by  the  use  of  rotating  electrodes. 

Description  of  Apparatus 

Preliminary  experiments  were  carried  out  in 
a  glass  cylinder  with  a  cathode  of  platinum 
gauze  and  an  anode  of  coiled  platinum  wire,  the 
electrol)rte  being  stirred  by  a  current  of  air  bub- 
bled through  the  liquid.  The  results  were  not 
altogether  satisfactory,  and  it  was  obvious  that 
the  stirring  was  not  uniform,  and  that  the  fine 
bubbles  of  gas  liberated  at  the  electrodes  had  a 
tendency  to  form  a  spray  which  was  carried 
out  of  the  cylinder  by  the  air  current,  causing 
loss  of  the  solution.  Furthermore,  there  seemed 
to  be  the  possibility,  in  some  cases  at  least,  of 
causing  oxidation  by  exposing  the  cathode  to 
the  air. 

After  a  number  of  trials  the  apparatus  illus- 
trated in  Fig.  1  was  developed,  which  has  proved 
altogether  satisfactory.* 

It  consists  essentially  of  a  tube  of  Pjrrex  glass 
(31  mm.  in  diameter)  to  which  are  sealed  3  glass  "air  lifts/' 

1  Gooch  and  Medway,  Am.  /.  Set.,  [TV]  15,  320  (1903). 

*  Exner,  This  Journal,  25,  896  (1903). 
•Kscher,  Z,  angew.  Chem.,  20,  138  (1907). 
<Frary,  Z.   EUktrochem.,   13,  308   (1907). 

*  This  apparatus  may  be  purchased  from  Messrs.  Eimer  and  Am^d,  ^05  Ttiird 
Ave.,  New  York  City. 
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connecting  in  a  single  tube  at  the  bottom,  and  entering  sjrmmetrically  about  half  way 
up  the  wide  tube,  the  upper  seals  being  made  tangentially.  Fig.  1  (a)  shows  1  of 
the  3  air  lifts  in  detail,  and  Fig.  1*  (b),.  which  is  a  cross-section  tlm>ugfa  the  appattitns 
at  the  level  of  the  upper  entrance  of  the  side  tubes  into  the  wide  tube,  illustrates  the 
general  plan. 

If  this  apparatus  is  half  filled  with  liquid  and  a  current  of  air  is  forced 
(or  drawn  by  suction)  through  the  injectors,  it  is  quite  obvious  that  stirring 
is  effected  in  two  ways.  In  the  first  place,  a  continuous  current  of  liquid 
is  carried  upward  by  the  air  lifts,  causing  vertical  stirring;  in  the  second, 
this  liquid  (with  the  air  bubbles)  is  delivered  into  the  wide  tube  in  such  a 
way  as  to  cause  rotational  stirring.  By  suspending  fine  solid  particles 
in  the  liquid  it  can  be  seen  that  the  rotational  stirring  is  very  rapid,  while 
the  vertical  movement  is  also  considerable.  Furthermore,  the  air  bubbles 
are  thrown  centrifugally  against  the  walls  of  the  cell,  so  that  no  spray  is 
carried  out,  even  when  a  rapid  air  current  is  employed.  In  using  the  cell 
for  an  electrolytic  determination  the  wide  tube  is  fitted  with  a  rubber 
stopper  carrying  a  glass  tube  and  the  electrodes.  These  consist  of  a  cylin- 
drical platinum  gauze  cathode  (2.5  X  5  cm.,  having  about  50  sq.  cm, 
siuiace)  and  a  spiral  platinum  wire  anode; 

Experimental  Technique 

In  carrying  out  a  determination  the  following  technique  has  been  em- 
ployed. 

Rubber  caps  are  slipped  over  the  air  inlets  (to  prevent  the  solution  from 
running  back  into  them),  the  solution  to  be  electrolyzed  is  introduced, 
the  stopper  with  its  electrodes  is  inserted,  the  exit  tube  is  connected  to 
a  water  aspirator  and  suction  is  applied.  The  caps  are  then  removed 
and  a  little  water  is  added  from  a  wash-bottle  to  each  of  the  air  inlets  to 
rinse  out  any  liquid  which  may  have  run  back  into  them.  The  level  of 
the  solution  is  adjusted  so  that  it  just  reaches  the  level  of  the  upper  entrance 
of  the  air  lifts  while  the  air  current  is  flowing.  The  electric  circuit  is  then 
closed.  When  the  electrolysis  is  nearly  complete  the  suction  is  increased 
for  a  moment  to  wash  down  the  walls  of  the  vessel,  and  is  then  reduced 
to  the  normal  flow.  At  the  end  of  the  electrolysis  the  stopper  is  lifted 
and  the  electrodes  are  washed  partially  with  a  jet  of  water  from  a  wash- 
bottle,  without  breaking  the  ciurent.  They  are  then  transferred  at  once 
to  a  beaker  of  water,  washed  thoroughly  with  water,  then  with  alcohol, 
and  are  finally  dried  as  usual  and  weighed. 

Most  of  the  actual  determinations  have  been  made  upon  solutions  (rf 
copper  sulfate,  to  which  have  been  added  acids,  ammonia,  salts,  etc., 
in  varying  amounts,  as  in  the  customary  analytical  procedures  for  elec- 
trolysis with  rotating  electrodes.  Determinations  have  also  been  made 
of  copper  in  the  presence  of  zinc  and  lead,  and  a  few  estimations  of  other 
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metals*  have  been  included  as  shown  in  the  table.  Characteristic  experi- 
mental data  are  given  in  Table  I.  Carefully  standardized  solutions,  cali- 
brated volumetric  apparatus  and  weights  were  employed,  and  all  ordinary 
precautions  of  good  analytical  work  were  taken.  The  110-volt  lighting 
circuit,  reduced  by  resistance  lamps  was  used  as  the  source  of  current. 

TablbI 
Total  Volume  op  Solution,  60  Cc. 


Other 

Solution 

Metal 

Metal 

Reagent 

metals 

becomes 

present 

found 

Error     ( 

^lu-rent  Time 

>      added 

present 

colorless 

G. 

G. 

G. 

Amps.« 

Min. 

Cc. 

G. 

Min. 

Cu 

Cone.  HNOa 

0.1983 

0.1982 

-0.0001 

0.5 

60 

3 

. . . 

20 

0.1983 

0.1984 

+0.0001 

1.0 

30 

3 

12 

0.1983 

0.1981 

-0.0002 

3.0 

15 

3 

. . . 

4 

0.1983 

0.1982 

-0.0001 

2.0 

20 

3 

0.1  Zn       6 

0.1983 

0.1982 

-0.0001 

3.0 

15 

3 

0.1 

4 

0.1983 

0.1983 

=t0.0000 

3.0 

15 

3 

0.2 

4 

0.1983 

0.1982 

-O.OOOl 

2.0 

20 

1 

0.1 

6 

0.1983 

0.1984 

+0.0001 

2.0 

25 

5 

0.1 

5 

0.3966 

0.3968 

+0.0002 

3.0 

20 

3 

. . . 

6-7 

0.1983 

0.1984 

+0.0001 

1.0 

25 

3 

0.1  Zn 
;  0.003  Pb 

8-10 

Cone.  HaSOi 

0.1983 

0.1983 

=t0.0000 

1.0 

20 

1 

... 

7 

0.1983 

0.1985 

+0.0002 

2.0 

15 

2 

3-4 

0.1983 

0.1985 

+0.0002 

3.0 

10 

2 

. . . 

2 

0.1983 

0.1984 

+0.0001 

1.0 

25 

2 

0.1  Zn       7 

Cone.  NH4OH 

0.1983 

0.1985 

+0.0002 

2.5 

15 

6 

8 

Zn 

0.1833 

0.1834 

+0.0001 

2.0 

30NaOH4.5g. 

. . 

Fe 

(NH4)2C,04 

0.1896 

0.1898 

+0.0002 

3.0 

30 

6g. 

. . . 

20 

Fe 

H,C04.2H20 
^         0.3  g. 

0.1890 

0.1888 

-0.0002 

3.0 

30 

.  • . 

20 

Ni 

0.1999 

0.1998 

-0.0001 

3.5 

15 

Cone.  NH4OH 

... 

8 

Ni 

25.  cc. 

0.1999 

0.1999 

*0.0000 

3.6 

20 

(NH4),S04 
1.5g. 
It  50  sq.  cm.  the 

... 

8 

*  Since  the  surface  of  the  cathode  was  abot 

current  density  (N.D. 

is  given  approximately  by  multiplying  these  fis 

fures  by  2. 

Inspection  of  the  data  shows  that  the  time  necessary  for  a  determination 
and  the  accuracy  of  the  results  obtained,  compare  favorably  with  those 
obtained  with  rotating  electrodes,  under  a  wide  variety  of  experimental 
conditions. 

*  In  addition  to  the  data  recorded  in  Table  I,  satisfactory  determinations  have 
been  made  of  Ag,  Co,  Cd  and  Pb. 
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Summary 

A  simple  glass  apparatus  for  electro-analysis  has  been  described  in 
which  the  solution  is  stirred  indirectly  by  a  current  of  air,  and  in  which 
rapid  electrolytic  determinations  may  be  made. 

Data  illustrating  applications  of  the  apparatus  are  presented. 
Univsrsity,  VmciNiA 
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THE  MOLECULAR  REARRANGEMENT  OF  SYMMETRICAL 
BIS-TRIPHENYLMETHYLHYDRAZINE 

By  Julius  Stibglitz  and  Ralph  L.  Brown* 

Received  September  7.  1021 

Organic  hydrazine  derivatives  resemble  derivatives  of  hydroxyl- 
amine  in  all  fundamental  characteristics,  except  that,  with  a  single 
exception,  they  have  not  been  found  to  undergo  molecular  rearrange- 
ments of  the  same  type  as  the  Beckmann  rearrangement  of  oximes 
or  the  Lessen  rearrangement  of  hydroxamic  adds.  StiegUtz  and  Sen- 
ior,* who  called  attention  to  this  difference,  made  a  series  of  at- 
tempts to  effect  such  rearrangements  of  hydrazine  compounds,  but  all 
their  efforts  were  unsuccessful  except  when  they  used  sym.'biS'triphenyl- 
methylhydrazine,  (C«H6)jC.NH.NH.C(C«H6)8.  When  they  heated  this 
compound  to  250**  to  300°  with  anhydrous  zinc  chloride  and  hydrolyzed 
the  reaction  product,  aniline  was  obtained,  which  proved  conclusively 
that  one  of  the  phenyl  groups  of  the  triphenylmethyl  radicals  migrates 
under  these  conditions  from  carbon  to  nitrogen,  which  is  the  typical  shift 
of  the  Beckmann-Lossen  rearrangements,  and  of  the  analogous  rearrange- 
ments in  the  triphenylmethane  series  discovered  by  the  one  of  us  and  his 
collaborators.*  The  only  other  product  identified  in  the  preliminary 
investigation  was  triphenylmethane,  a  product  of  a  parallel  thermal  de- 
composition of  the  hydrazine. 

The  present  paper  reports  the  results  of  a  continuation  of  the  investi- 
gation, which  was  carried  out  to  throw  light  on  the  mechanism  of  the  re- 
arrangement. Unexpected  results  obtained  toward  the  end  of  the  in- 
vestigation have  made  it  impossible,  at  the  present  moment,  to  give  a  com- 
plete theory  of  the  reaction,  but  as  the  one  of  us  (Bro¥m)  was  called 
to  service  in  the  U.  S.  Army,  we  wish  to  present  now  the  lines  of  thought 

1  This  report  forms  the  basis  of  a  dissertation  submitted  by  Ralph  L.  Brown  in 
part  fulfilment  of  the  requirement  for  the  degree  of  Doctor  of  Philosophy  at  the 
University  of  Chicago,  1917. 

»  Proc.  Nat.  Acad,  Set.,  1,  207  (1915);  and  This  Journal,  38,  2727  (1916). 

»  See  the  literature  references  in  This  Journal,  36,  272  (1914)  and  38,  2051  (1916). 
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followed  as  working  hypotheses  and  the  relation  erf  the  results  obtained, 
to  these  views. 

By  analogy  to  other  rearrangements  of  this  type,  two  possible  courses 
of  the  rearrangement  reaction  are  suggested  at  the  outset.^  In  the  first 
place,  according  to  the  theory  of  the  one  of  us,  ^  we  might  have  as  the  primary 
action  ofifering  least  resistance  a  decomposition  of  the  hydrazine  compound 
into  triphenyl-methylamine  and  triphenyl-methylimide,  a  univalent  ni- 
trogen compound  which  would  undergo  the  rearrangement  proper 

I.  (C.H.),C.NH.NH.C(C.H,),  — ►  (C.H.),CNHs  -f  (CJIO.C.N  (1) 
and 

(C.Hs),C.N  — >  {CJIs)iC:NC.H,  (2) 

By  hydrolysis  of  the  phenylimido-benzophenone  thus  formed,  aniline 
and  benzophenone  would  be  produced. 

(CJI.)iC:NC«H*  -f  HOH  +  HCl  — ►  (C«H*),CO  +  CJI»NH,C1  (3) 

The  alternative  course  of  the  reaction  would  be  a  rearrangement  akin 
to  the  rearrangement  of  triphenylmethyl-peroxide,  as  investigated  by 
Wieland.* 

(c,HO,c.o.o.c{caii)f — ^2  (cai*),c.o  — ►  2  (cai»),c.ocai,  — ►  (c,H,),cocaii 

(CHJiCOCOI,  (4) 
£is-triphenylmethylhydrazine  might  rearrange  in  an  analogous  way  as 
follows. 

II.     (Caii)iCNH.NHC(C«H,)8  — ►  2(Cai,).C.NH  — ►  2(CJI,),C.NHCH, 

(C.H,),C.NHCai, 

(Cai*),C.NHCJI,  (5) 

Hydrolysis  of  the  resulting  product,  if  it  occurred  at  all,  wotdd  lead  to 
the  formation  of  aniline  and  benzopinacone. 

[(CJ1,),C{NHCJI»)1,  +  2H,0  +  2HC1  —^  [  (Cai,),C(OH)  ],  +  2C«H,NH,C1  (6) 

In  the  experimental  part  of  this  report,  it  will  be  sho¥m  that,  besides 
aniline,  which  was  again  identified  after  hydrolysis  of  the  reaction  prod- 
uct, benzophenone  was  isolated  and  identified,  a  result  which  decidedly 
favors  the  mechanism  of  the  reaction  expressed  under  I.  The  third  prod- 
uct of  the  reaction  required  by  Scheme  I  is  triphenyl-methylamine. 
This  was  not  found,  but  it  was  suspected  that  any  triphenyl-methylamine 
formed  would  be  decomposed  by  the  zinc  chloride  at  the  temperattue  of 
the  reaction.  For  that  reason,  the  effect  of  zinc  chloride  on  the  amine  was 
studied.    As  anticipated,  when  triphenyl-methylamine  reacts  with  zinc 

•  The  interpretation  from  the  point  of  view  of  the  electron  conception  of  valence 
will  be  given  further  on  in  this  paper. 

•  See  the  literature  references  given  by  Stieglitz  and  Leech,  T^s  Journai.,  36, 
272  (1914)  and  by  Stieglitz  and  Stagner,  ibid.,  38,  2051  (1916). 

•  Wieland.  Ber.,  44,  2650  (1911). 
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chloride,  the  chief  products  of  decompositioti  are  ammonia,  phenyl-di- 
phenylenemethane  and  triphenylmethane.     For  instance,  we  may  have 

H 

3  (C«H,),C.NH,  — >  3NH,  +  2  C*H5C<^  |        +  (C«H5),CH  (7) 

This  action  is  analogous  to  the  decomposition  of  triphenylmethyl 
chloride  and  bromide  by  heat  and  of  the  corresponding  carbinol  by  phos- 
phorus pentoxide. 

Returning  now  to  the  examination  of  the  products  of  the  rearrange- 
ment of  W5-triphenylmethylhydrazine,  we  have  foimd  without  difficulty 
that  ammonia  and  phenyl-diphenylenemethane,  besides  triphenylmethane, 
are  indeed  formed  in  the  reaction.  Fiulhermore,  quantitative  determina- 
tions, which  will  be  discussed  at  greater  length  presently,  showed  that  the 
amount  of  ammonia,  t.  e.,  triphenyl-mcthylamine  as  the  primary  prod- 
uct formed  is  of  the  order  demanded  by  the  equations  given  imder  I. 

Thus  far,  all  the  experimental  evidence,  therefore,  favors  the  conception 
that  the  rearrangement  of  W^-triphenylmethylhydrazine  by  zinc  chlcnide 
follows  the  course  through  a  univalent  nitrogen  derivative  which  seems 
to  be  the  same  as  that  commonly  followed  as  the  path  of  least  resistance' 
in  the  rearrangement  of  oximes,  hydroxamic  acids,  chloro-  and  bromo- 
amides  of  the  acids,  acyl  azides,'  triarylmethyl-azides,  -hydroxylamines 
and  -chloro-amines,  as  grouped  together  by  the  theory  of  the  one  of  us. 
Exhaustive  examination  of  the  reaction  products  brought  to  light  further 
facts,  some  of  which  have  raised  novel  and  interesting  questions.  Before 
these  are  presented,  it  seems  wisest  to  complete  the  discussion  of  the  re- 
arrangement proper  by  referring  as  briefly  as  possible  to  the  interpretation 
of  the  rearrangement  from  the  point  of  view  of  the  electron  conception 
of  valence.'  The  discussion  from  this  fundamental  point  of  view  wiU 
greatly  facilitate  the  consideration  of  the  further  experimental  results 
to  be  presented  below. 

For  6w-triphenylmethylhydrazine  we  have  the  electronic  structiu:e* 
{C«H,+),=C+  -N+-  NZ  +C=(C6H,+),  (8) 

+H  H+ 
The  atom  with  an  unstable  positive  charge,  as  postulated  by  the  one  of 
us  as  occurring  in  all  of  the  rearranging  compounds  of  this  character, 
in  the  present  instance  is  one  of  the  two  otherwise  apparently  symmetrical 
nitrogen  atoms:  for  the  sake  of  convenience  we  have  designated  the  un- 
stable nitrogen  atom  with  the  positive  charge  in  question  by  putting  it 
in  heavy  type  as  N'^.  In  the  formation  of  a  rearranging  univalent  ni- 
trogen  derivative,  either  of  the  following    courses   may   be    followed: 

^  Stieglitz,  Proc.  Nat.  Acad.  Set.,  Ref.  2.     Stieglitz  and  Stagner,  Ref.  5. 
» vStieglitz  and  Leech.  Ref.  5.    Jones.  Am.  Chem.  J.,  50,  440  (1913). 
*  Only  those  charges  are  indicated  which  bear  on  the  discussion. 
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(1)  the  true  ammonia  nitrogen  atom  ~NI  deprives  the  nitrogen  atom  i:N+ 
of  its  hydrogen  atom,  forming  triphenyhnethyl-amine  (C6H6)jC.NHt 
and  triphenyhnethyl-imide  (C«H6)jC.Ni  which  by  a  shift  of  the  electron 
would  form  (CeHB)jC.N;  (2)  more  probably  the  disturbance  originates 
in  the  tmstable  nitrogen  atom  IN+  which  captures  2  electrcms  from  the 
neighboring  nitrogen  atom.  With  the  accompanying  migration  of  the  hy- 
drogen atom  lost  by  "NZ  as  a  result  of  the  loss  of  its  electrons,  this  gives 

(CJl6+)a^C+-NZ(+H),  and  N'+C B  (C«H.+),  (9) 

As  a  basis  of  choice  between  these  two  possible  courses  we  have  no  experi- 
mental information  except  that  the  second  course  wotdd  be  exactly  analo- 
gous to  the  changes  occurring  in  the  closely  related  rearrangements  of 
halogen  amides,  oximes,  etc.  A  final  decision  between  these  two  paths 
would  be,  we  beheve,  of  great  importance,  since  therein  most  likely  will 
be  found  the  key  to  the  interesting  fact  that  this  symmetriccU  hydrazine 
rearranges,  whereas  all  the  unsymmetrical  hydrazines  examined  by  Senior 
and  the  one  of  us  are  not  rearranged.  ^*^ 

In  either  case,  we  have  then,  ftuther,  the  normal  course  for  univalent 
nitrogen  rearrangements" 

(cai,+),  H  C+-N  — >  (cji*+)cc Jin-  — >  (C6H,+),ict3T-(c«H.+)   (lo) 


+C«H. 


Two  electrons  migrate  from  the  methyl  carbon  from  the  valence  indi- 
cated by  the  sign  in  heavy  type  to  the  univalent  nitrogen  atom,  the  released 
positive  phenyl  group  migrating  to  the  free  negative  charge  on  the  nitrogen. 

Returning  now  to  the  fiuther  observations  made  in  the  course  of  the 
experimental  work,  we  would  mention  first  that  the  formation  of  tri- 
phenylmethane  and  nitrogen 

(C.H5),C.NH.NH.C(C6H5)3  — >  N,  +  2(C6H0,CH  (11) 

observed  by  Senior  and  the  one  of  us,  was  conclusively  shown  to  be  a 
thermal  decomposition.  The  electronic  interpretation  is  given  in  the  pre- 
liminary paper^^  and  shows  that  the  decomposition  is  the  result  of  an  in- 
tramolecular oxidation-reduction  in  which  the  electrons  migrate  from 
the  nitrogen  to  the  methyl  carbon  atom,  whereas  the  molecular  rearrange- 
ment just  discussed,  which  is  also  the  result  of  an  intramolecular  oxida- 
tion-reduction reaction,  involves  a  migration  of  electrons  from  the  methyl 
carbon  to  the  nitrogen,  this  course  being  the  direct  reverse  of  that  followed 
in  the  thermal  decomposition.  The  decomposition  by  heat  and  the  re- 
arrangement are  therefore  the  results  of  two  parallel  and  competing  oxi- 

>•  The  interpretation  is  given  by  Stieglitz  and  Senior,  Ref.  2  [This  Journai,]  p,  2729. 
Since  this  was  written,  Messrs.  E.  C.  Gilbert  and  J.  F  Smith  in  this  Laboratory  have 
effected  the  rearrangement  of  a  number  of  hydrazine  derivatives,  including  benzo- 
phcnonc-hydrazone.     (May,  1922).- J.  S. 

"  See  Stieglitz  and  I^eech,  and  Stieglitz  and  Stagner,  Ref.  6. 

»  Ref.  2,  (Tms  Journai,  p.  2731). 
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dation-reduction  reactions  of  an  intnunolecolar  diaracter.  One  of  the 
main  eicperimental  difficulties  encountered  was  the  problem  of  reducing 
the  loss  of  material  by  the  thermal  decomposition  to  a  minimum.  At 
best  a  yield  corresponding  to  the.  reairrangement  of  somewhat  more  than 
a  third  of  the  substance  was  finally  obtained. 

The  next  observations  made  were  not  anticipated  and  have  raised 
new  questions  of  interest.  Among  the  reaction  products  fhenol  was  ob- 
tained in  appreciable  quantities.  It  was  at  first  thought  that  its  presence 
might  be  due  to  some  decomposition  of  the  aniline  group  in  phenyhmido- 
benzophenone,  the  zinc  chloride,  when  it  is  present  in  large  excess,  possibly 
reversing  the  well-known  change  of  phenol  into  aniline  by  zinc-ammonium 
chloride.^'  Experiments  made  with  phenylimido-benzophenone  and 
zinc  chloride  proved  that  this  is  not  the  source  of  the  phenol.  Nothing 
was  found  in  the  literature  indicating  the  formation  of  phenol  from  tri- 
phenyl-methylamine  or  its  carbinol,  from  benzopinacone  (Bquaticm  6) 
pr  its  decomposition  product,  benzohydrol.  Furthermore,  it  was  then 
found  that  when  U^-triphenylmethylhydrazine  is  heated  with  zinc  diloride 
in  ike  absence  of  air,  for  instance  in  an  atmosphere  of  carbon  dioxide,  no 
phenol  is  formed,  but  the  formation  of  diphenyl  is  strongly  suggested  by 
its  odor.  The  carrying  out  of  the  action  in  the  presence  of  carbon  dioxide 
in  place  of  air  led  to  the  ftu'ther  unexpected  observation  that  under  these 
conditions  there  is  no  rearrangement  to  an  aniline  derivative;  at  most, 
small  quantities  of  aniline  were  obtained  in  the  working  up  of  the  prod- 
ucts, which  might  be  due  to  the  presence  of  occluded  air  in  the  reagents 
used.  These  results  open  up  a  series  of  interesting  questions,  whidi 
can  only  be  suggested  here  as  the  basis  on  which  f tuther  investigation  is 
being  planned. 

It  is  evident,  in  the  first  place,  that  the  production  of  phenol  is  due 
to  the  oxidation  of  a  phenyl  radical  at  some  stage  of  the  action  at  the  ex- 
pense ultimately  of  the  oxygen  of  the  air.  Two  interesting  possibilities 
suggest  themselves.  Phenol  may  be  formed  by  the  capture  of  oxygen 
by  some  of  the  phenyl  radicals  before  they  have  reached  their  destination, 
the  nitrogen  atoms  (see  the  middle  phase  of  the  action  represented  in 
Equation  10).  Whether  the  phenyl  radicals,  originally  positive,  first 
capture  some  of  the  migrating  electrons  which  lead  to  the  rearrangement, 
and  escape  because  they  have  become  electrically  neutral  is  a  matter  of 
fascinating  speculation  which  can  only  be  suggested  here.  In  support 
of  this  conception  we  have  the  fact  that  the  formation  of  diphenyl  is  indi- 
cated, as  yet  only  by  its  odor,  especially  when  oxygen  is  excluded.  As 
far  as  we  can  discover,  the  formation  of  compotmds  of  the  type  of  phenol 
and  diphenyl  has  never  been  observed  before  in  the  ntunberless  rearremge- 
ments  in  which  an  aryl  or  an  alkyl  group  migrates  from  carbon  to  nitrogen, 
»  Men  and  Wdth,  Ber.,  13,  1299  (1880). 
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but  none  of  these  has  been  carried  out,  as  far  as  we  can  find,  at  so  high  a 
temperatture  as  300^. 

In  the  second  place,  Wieland^^  found  that  when  azo-triphenyhnethane 
is  formed  by  oxidation  of  bt5-triphenyhnethylhydrazine,  it  decomposes 
at  once,  even  at  0°,  into  triphenyhnethyl:  this  compound  is  oxidized  by 
air  to  its  peroxide,  which  in  turn  is  rearranged  by  heat  into  the  diphenyl 
ether  of  benzopinacone  (Equation  4).  This  phenol  derivative  may  be  the 
source  of  the  phenol  obtained  in  our  reaction.  Wieland  foimd,  however, 
that  the  hydrazine  is  not  oxidized  to  the  azo  compound  by  air,  but  re- 
quires more  powerful  oxidizing  agents.  It  is  possible,  nevertheless,  that 
at  300^  a  temperature  never  attained  in  Wieland's  experiments,  oxidation 
by  air  does  occur.  Furthermore,  part  of  the  azo  compound  might  imdergo 
the  rearrangement  leading  to  the  formation  of  phenylimido-benzophe- 
none»  as  follows. 


III.     (CJI,),C.N.N.C(C«H»),  -h  O  — >  H,0  +  (C«H,),C.N:N.C(CeHs),     (12) 
H 


i 


and 

(C.H,),C.N:  N.C(C«Hft),  — >  2(C6H.),C.N  — >  2(CJI*)«C:  NCeH»         (13) 

Electronically,  we  wotdd  have 

(CiH6+),=  C+=N^-N=+C=(C«H5+)3  +  O  —^  (C6H5+),=C+-NtrN-+C=(C«H,+), 

"♦■H      H+  +H,0  (14) 

Two  electrons  leave  the  nitrogen  at  the  point  indicated  by  the  negative 
sig^  in  heavy  type,  with  the  formation  of  water  and  azo-triphenylmethane. 
The  dissociation  of  the  latter  into  two  molecules  of  triphenyl-methylimide 
(C«H6)jC.N,  needs  no  further  explanation  and  the  rearrangement  of  the 
imide  would  follow  the  course  indicated  in  Equation  2  above. 

No  rearrangement  of  this  kind  was  ever  observed  by  Wieland  in  his 
attempts  to  prepare  azo-triphenylmethane,  and  while  the  reaction  which 
he  did  observe  (decomposition  into  nitrogen  and  triphenylmethyl)  was 
carried  out  in  the  cold  (usually  at  0°),  a  higher  temperature  would  pre- 
sumably simply  accelerate  this  decomposition.  Nevertheless,  some  of 
Wieland's  work  will  be  repeated  as  soon  as  circumstances  permit,  and 
efforts  especially  made  to  isolate  azo-triphenylmethane  in  order  that  it 
may  be  subjected  to  sudden  heating  to  300°. 

This  interpretation  still  fails  to  account  for  the  formation  of  the  de- 
composition products  of  triphenyl-methylamine.  To  account  for  these 
we  would  have  to  assume  that  at  300**  still  another  decomposition  of  the 
hydrazine  occurs,  never  observed  in  its  study,  but  analogous  to  the  well- 
known  decomposition  of  hydrazobenzene  into  aniline  and   azobenzene. 

2(CeH»),C.NH.NH.C(CeH»),  ->  2(C«H6).C.NH,  -f  (Cai5)jCN:NC(CtH»),     (16) 
"  Wieland,  Ber.,  42,  3020  (1909). 
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In  that  event,  the  azo  compound  must  be  formed  and  rearrangement 
should  occur  even  in  the  absence  of  air,  which  does  not  seem  to  be  the  case. 
If  we  assume,  therefore,  for  the  present  simply  as  a  working  h3rpothesis 
that  the  course  of  the  action  is  that  given  in  Scheme  I  and  that  the  forma- 
tion of  phenol  is  actually  due  to  the  oxidation  of  phenyl  groups  escaping 
rearrangement,  then  for  every  molecule  of  triphenyl-methylamine  formed 
there  should  be  produced  either  a  molecule  of  phenylimido-benzophenone 
(Equations  1  and  2)  or  a  molecule  of  phenol.  The  quantity  of  triphenyl- 
methylamine  produced  is  found  by  the  quantitative  determination  of  its 
decomposition  product,  ammonia,  and  the  quantity  of  phenylimido- 
benzophenone  produced  is  fotmd  from  a  volumetric  assay  of  the  aniline 
formed  by  its  hydrolysis.  In  addition,  the  quantity  of  phenol  obtained 
was  also  determined  volumetrically.  Now,  according  to  what  has  been 
developed  above,  the  interpretation  of  the  rearrangement  outlined  under 
I  demands  that  the  stun  of  the  aniline  and  the  phenol  formed  should  be 
roughly  of  the  order^^  of  the  amoimt  of  ammonia  (triphenyl-methylamine) 
obtained.  This  result  is  well  borne  out  by  the  experimental  values  as 
coUected  in  Table  II. 

Experimental  Part^' 
I.    Preparation  of  5ym.-&i5-Triphenylmethylhydrazine|  (C«HOsCNH.* 
NHC(C6H8)8. — ^For  the  ptupose  of  obtaining  better  3delds,  the  compound 
was  prepared  by  the  treatment  of  triphenylmethyl  bromide  rather  than 
of  the  corresponding  chloride,"  with  hydrazine  hydrate. 

The  triphenylmethyl  bromide  was  prepared  according  to  the  method  of  AUen  and 
KoUiker*®  and  recrystallized  from  benzene.  To  the  hydrazine  hydrate  (8  g.),  covered 
with  absolute  ether  (100  cc.),  the  triphenylmethyl  bromide  (27.4  g..  95%  pure)  was 
added  in  small  portions  throughout  the  course  of  about  an  hour,  the  mixture  being 
constantly  shaken.  The  reaction  began  immediatdy  on  the  introduction  of  the  bromide 
and  proceeded  at  ordinary  temperatures  with  evolution  of  heat  and  continuous  precipi- 
tation of  the  ^^^.-^is-triphenylmethylhydrazine  and  hydrazine  hydrobromide.  The 
action  was  practically  complete  a  short  time  after  the  last  portion  of  triphenylmethyl 
bromide  was  added,  but  the  reaction  mixture  was  allowed  to  stand  for  a  day  to  insure 
completion.     The  precipitate  was  collected  on  a  filter  and  washed,  in  turn,  with  ether, 

"  Every  molecule  of  triphenyl-methylamine  formed  gives  a  corresponding  mole- 
cule of  ammonia,  our  experiments  having  shown  that  the  ammonia  formation  is  practi- 
cally quantitative  when  triphenyl-methylamine  is  heated  with  zinc  chloride.  But 
some  of  the  phenyl  groups  may  well  escape  combination  with  oxygen  or  with  nitrogen. 
Thus,  the  formation  of  diphenyl  was  strongly  indicated  in  the  last  experiment  mider- 
taken.  The  sum  of  the  aniline  and  phenol  formed  should,  therefore,  be  rather  somewhat 
smaller  than  greater,  than  the  amount  of  ammonia  produced. 

^*  I  wish  to  use  this  opportunity  to  express  my  appreciation  of  the  skilful  and 
painstaking  manner  in  which  my  young  collaborator,  Mr.  Brown,  has  handled  the 
rather  complex  experimental  material  which  this  problem  has  presented.  All  the  ex- 
perimental work  was  carried  out  by  Mr.  Brown. — ^J.  S. 

»^  Ref.  14,  pp.  3021,  3025.     Ref.  19,  p.  2727. 

"  Allen  and  KoUiker,  Ann.,  227,  110  (1885). 
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alcohol,  water,  very  dilute  sodium  hydroxide  soliltion,  water,  alcohol  and  ether.  The 
yield  was  12.9  g.  of  crude  material  melting  at  213®.  Further  purification  by  the  method 
of  Wieland  gave  11.2  g.  of  the  compound  melting  at  216®.  A  second  recrystallization 
raised  the  melting  point  to  219-220®.  Since  decomposition  takes  place  at  the  melting 
point,  the  melting-point  tube  containing  the  material  was  introduced  into  the  temper- 
ature bath  when  it  was  5®  below  the  melting  point  of  the  compound. 

n.    A  study  of  the  Decomposition    of    sym.'bis'TriphenjlmeiJijU 
hydrazine  at  its  Melting  Point 

The  fact  that  the  only  evidences  of  a  rearrangement  had  been  obtained 
when  the  compoimd  had  been  heated  with  zinc  chloride  at  a  temperature 
higher  than  that  of  its  melting  point,  made  a  study  of  the  melting-point 
decomposition  imperative.  At  its  melting  point  in  air,  Ws-triphenyl- 
methylhydrazine  showed  a  marked  evolution  of  gas  and  gave  as  a  residue 
a  dirty- white  solid  melting  without  purification  at  85°.  This  residual 
solid  mixed  with  triphenylmethane^^  melting  at  92°,  gave  a  melting  point 
of  87°-90°.  A  sample  of  1.5  g.  of  the  W^-triphenylmethylhydrj^une  was 
then  heated  at  220-230°  in  an  atmosphere  of  dry  carbon  dioxide  until 
all  evolution  of  gas  ceased  and  the  gas  had  been  swept  into  a  nitrometer 
filled  with  50%  potassium  hydroxide  solution.  The  residual  material, 
while  molten,  was  an  amber  colored  Uquid  and  in  the  solid  state  was  a 
yellowish  white  substance. 

The  gas  was  examined  first.  It  showed  no  loss  of  volume  when  passed 
through  a  palladium  black  tube,  such  as  is  used  for  determinations  of  hy- 
drogen by  absorption,  nor  when  passed  into  potassium  hydroxide,  ammoni- 
acal  cuprous  chloride  and  phosphorus  pipets.  This  eliminates  the  possi- 
bility of  hydrogen,  unabsorbed  carbon  dioxide,  carbon  monoxide  and 
oxygen  being  present.  The  gas  was  then  mixed  with  several  volumes 
of  pure  electrolytic  hydrogen,  and  run  into  a  eudiometer  over  mercmy 
with  a  little  cone,  sulfiuic  acid  on  its  surface.  Continuous  sparking  across 
platinum  electrodes  within  the  tube  produced  a  continuous  reduction  of 
volume  and  the  deposition  of  a  white  solid  on  Ihe  acid-wet  portion  of  the 
inner  walls  of  the  tube.  In  one  experiment  0.7610  g.  of  Ws-triphenyl- 
hydrazine  gave  33. 38  cc.  of  gas  (0°,  760  mm.).  The  theoretical  value  for 
the  evolution  of  all  the  nitrogen  as  N2  is  33.02  ca  A  portion  of  the  gas 
(20  cc.)  was  mixed  with  pure  hydrogen  (67  cc.)  and  sparked  until  the  acid 
threatened  to  touch  the  electrodes  within  the  eudiometer.  The  residual 
volume  was  10.2  cc.  or  3.2  cc.  over  the  7  cc.  excess  of  hydrogen  added. 
The  quantity  3. 2  cc.  is  that  portion  of  the  original  stoichiometric  mixture 
of  80  cc.  (20  cc.  of  N2  +  60  cc.  of  H2)  which  had  not  reacted  to  form  am- 
monia. This  amount  (3.2  cc.)  is  4%  of  the  original  80  cc.  Now,  the 
acid  solution  washed  from  the  eudiometer  and  anal3rzed  gave  0.0250 
g.  of  ammonia.    Twenty  cc.  of  piwe  nitrogen,  measured  tmder  the  same 

"  Stieglitz  and  Senior,  Ref .  2,  p.  2732. 
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conditions  as  prevailed  for  the  20  cc.  of  gas  which  was  mixed  with  hydrogen 
and  sparked,  would  give  0.0261  g.  of  ammonia.  The  ammonia  found 
(0.0250  g.)  is  thus  4.2%  less  than  the  theory  demands,  (0.0261  g.)- 
Since  the  gas  unconverted  to  ammonia  is  4%  of  the  or^;inal  amount  taken 
and  the  ammonia  found  is  4.2%  less  than  theory  demands  for  this  same 
original  amount  of  nitrogen  and  no  other  gases  were  found,  the  con- 
clusion is  drawn  that  the  gas  from  the  thermal  decomposition  of  the 
hydrazine  was  all  nitrogen. 

The  solid  product  of  the  decomposition  of  U^-triphenylmethylhydrazine 
appeared  in  part  as  a  snow-white  sublimate  and  in  part  as  a  residual  solid 
in  the  bottom  of  the  test-tube.  Samples  of  sublimate  were  needle-like 
crystals  and  melted  at  02^.  When  mixed  with  pure  triphenylmethane" 
melting  at  92**  they  melted  at  92**.  The  identity  of  the  sublimate  is  thus 
established.  The  remainder  of  the  residual  solid  was  crystallized  from  ben- 
zene and  fused  to  free  the  crystals  from  the  molecule  of  benzene  present 
as  benzene  of  crystallization.  The  product  then  melted  at  92^  and  mixed 
with  triphenylmethane  melting  at  92**  gave  a  melting  point  of  91-92®. 
A  sample  of  0.7610  g.  of  biV-triphenylmethylhydrazine  decomposed  under 
the  conditions  previously  stated,  i.  e.,  in  an  atmosphere  of  carbon  dioxide 
by  heat  in  a  bath  at  220''  to  230'',  gave  0. 6968  g.  of  residue  in  the  test-tube 
and  0.0191  g.  of  sublimate  which  total  0.7159  g.  The  reaction  equa- 
tion calls  for  0.7197  g.  of  triphenylmethane.  Repeated  tests  for  aniline 
and  aniline  derivatives  in  these  residual  solids  were  without  exception 
negative. 

These  results  indicate  that  W^-triphenylmethylhydrazine  at  its  melting 
point  decomposes  practically  quantitatively  into  nitrogen  and  triphenyl- 
methane. 

m.    A  Series  of  Attempts  to  Secure  Rearrangement  of  sym.'bis'Tnr 
phenylmethylhydrazine  below  its  Melting  Point  or  in  Solution 

In  view  of  this  decomposition  at  the  melting  point,  an  effort  was  made 
to  secure  rearrangement  in  solution  or  at  temperatures  below  that  at  which 
the  compound  melted^  Although  the  results  were  negative,  the  brief 
description  of  several  may  possibly  save  futture  repetition. 

One-half  g.  of  Ms-triphenylmethyUiydraziiie  was  triturated  with  8  g.  of  anhydrous 
zisc  chloride  aad  allowed  to  stand  protected  from  moisture  for  2  months  at  ordinary 
temperature.  The  mixture  darkened  during  this  time,  but  no  trace  of  aniline  could  be 
detected  when  the  mass  was  worked  up  and  tested  according  to  the  method  of  Stieglitz 
and  Senior.**  Analogous  samples  which  had  stood  for  shorter  lengths  of  time  gave  the 
same  negative  results. 

One-half  g.  of  Ms-triphenylmethylhydrazine  and  8  cc.  of  dry  benzene  were  heated 
in  a  sealed  tube  at  250  **  for  30  minutes.  The  contents  of  the  tube  after  cooling  were 
found  to  be  under  marked  pressure.  The  dark  colored  solution  showed  no  traces  of 
aniline  derivatives  but  contained  nearly  pure  triphenylmethane.    The  pressnire  in  the 
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tube  was  then  due  to  nitrogen,  the  same  thermal  decomposition  having  taken  place 
as  occurs  when  the  solid  compound  is  heated. 

A  sample  of  the  hydrazine  was  heated  with  finely  ground  dry  zinc  chloride  for  8 
hours  at  100*.  During  this  time  the  yellow  mixture  went  through  a  continuous  color 
change  and  caked  considerably.  Although  no  gas  evolution  was  visible,  the  residual 
hydrocarboas  melted  well  below  100^  indicating  formation  of  triphenylmethane.  No 
aniline  could  be  found  when  the  test  previously  referred  to  was  applied. 

The  6f5-triphenylmethylliydrazine  with  ground  zinc  chloride  was  heated  at  170- 
180°  for  3  hours.  Slight  evolution  of  gas  could  be  detected  and  the  mass  softened.  As 
before,  no  aniline  could  be  detected.  Triphenylmethane  was  identified  as  a  product. 
This  indicates  that  the  thermal  decomposition  of  the  hydrazine  can  be  seciured  at  temper- 
atures below  its  melting  point  by  continued  heating. 

A  mixture  of  ^-triphenylmethylhydrazine  and  zinc  chloride  was  placed  in  dry 
benzene  and  boiled  for  7  hours  imder  a  reflux  condenser  at  the  boiling  point  of  benzene. 
The  condenser  had  been  thoroughly  dried  and  was  protected  by  a  calcium  chloride  tube. 
Part  of  the  yellow  color  of  the  mixture  was  taken  up  by  the  benzene.  No  aniline  could 
be  detected  in  the  resulting  solution  or  products.  Triphenylcarbinol  was  identified  as  a 
product.  It  melted  at  168-159*.  Mixed  with  pure  carbinol  (m.  p.  169-160*)  it 
melted  at  168-169*. 

.S»5-triphenylmethylhydrazine  (0.066  g.)  was  mixed  with  phosphorus  pentoxide  and 
heated  in  a  test-tube  immersed  in  an  acid  bath  at  106-110*  until  no  further  change  in 
appearance  was  noticeable  (about  2  hours).  No  aniline  or  aniline  derivatives  could  be 
detected  in  the  residue.    A  portion  of  the  original  compound  was  recovered  unchanged. 

A  sample  (0.062  g.)  of  the  hydrazine  was  put  into  water  (60  cc.)  along  with  a 
trace  of  specially  prepared  platinum  black,*°  and  held  at  60*  for  30  hours.  The  mix- 
ture was  acidified,  heated,  made  alkaline  and  distilled  with  steam.  No  aniline  could 
be  detected  in  the  distillate.  The  W5-triphenylmethylhydrazine  was  recovered  un- 
changed. 

A  sample  (0.09  g.)  of  the  hydrazine,  approximately  0.04  g.  of  the  platintun  black  and 
water  (20  cc.)  were  heated  in  a  sealed  tube  at  170*  for  1  hour.  Tested  as  above,  no 
aniline  could  be  detected  in  the  contents  of  the  tube.  The  original  compound  was  re- 
covered imchanged. 

Some  of  the  hydrazine  (0.6  g.)  was  heated  with  anhydrous  aluminum  chloride 
(6  g.)  at  180*  for  10  minutes.  The  hydrolyzed  products  gave  no  test  for  aniline.  The 
products  were  not  investigated  further. 

IV.    A  Series  of  Experiments  to  Determine  Conditions  for  a  Maximum 
Rearrangement  by  Zinc  Chloride 

Realizing  that  a  continuance  of  the  experiments  to  effect  the  rear- 
rangement at  temperatures  below  that  of  the  melting  point  of  the  com- 
pound might  result  only  in  a  vain  search  for  a  catalyzer,  we  decided  to 
return  to  the  original  method  of  StiegUtz  and  Senior  and  to  secure  a  greater 
degree  of  rearrangement,  by  a  rigorous  study  of  all  the  conditions  involved, 
than  had  been  obtained  in  this  earlier  work. 

Accordingly,  experiments  were  carried  out  under  varying  conditions 
and  the  degree  of  rearrangement  was  determined  in  each  case  by  titra- 
tion of  the  aniline  recovered  with  0. 1  AT  sodium  bromate  solution.*^    In 
w  Loew,  Bar.,  23,  289  (1891).     Also  see  Tanatar,  Z.  physik.  chem.,  40, 475  (1902) 
and  41,  37  (1902). 

^  Curme,  This  Journal,  35»  1162  (1913). 
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particular  the  temperature  and  the  time  of  heating  and  especially, 
also,  the  shape  of  the  vessel  in  which  the  reaction  was  carried 
out  and  the  time  required  to  heat  the  mixtiures  up  to  the  re- 
action temperature  were  varied.  The  results  are  given  in  the  table 
that  follows.  The  significance  of  the  first  8  columns  is  obvious. 
In  the  last  coltunn  is  given  the  result  of  heating  phenylimido- 
benzophenone  under  the  corresponding  conditions  with  zinc  chloride. 
The  first  2  experiments  (Nos.  12  and  17)  were  carried  out  in  hard 
glass  tubes,  the  next  4  in  an  Erlenmeyer  flask  of  60  cc.  capacity 
on  the  floor  of  which  the  mixture'  was  spread  in  a  thin  layer  and  in  the  last 
4  experiments,  for  the  securing  of  still  more  rapid  heating,  a  lOOcc.  Erlen- 
meyer flask  was  used.  A  metal  bath  was  employed  and  the  temperature 
of  the  bath  taken  with  the  aid  of  a  thermocouple.  Since  phenylimido- 
benzophenone,  (C«H6)iC  =  NC6H5,  is  probably  the  actual  product  formed 
by  the  rearrangement  and  the  aniline  is  obtained  by  subsequent  hydrolysis, 
parallel  experiments  under  the  same  conditions  were  made  with  this  prod- 
uct in  order  to  determine  whether  it  is  destroyed  by  zinc  chloride  under  the 
conditions  of  the  experiment. 

Tabls  I 
Dbgrbs  of  Rkarrangbmbnt  by  Zinc  Chloride 


Upt. 

Sample 

ZnCli 

Temp. 

Time 

Aniline 
Found          Calc.« 

Aniline  recovered 

from 

(C,H»)t-C-N— C«H* 

G. 

G. 

«C. 

MiD. 

G. 

G. 

%• 

% 

12 

0.60 

5 

300 

10 

0.005 

0.09 

6 

78.5 

17 

0.60 

5 

330 

5 

0.015 

0.09 

16 

90.4 

19 

0.61 

6 

330 

3 

0.024 

0.11 

22 

. , 

21 

0.69 

6+ 

360 

3 

0.032 

0.11 

30 

. . 

22 

0.51 

6+ 

400 

3 

0.030 

0.09 

32 

23 

0.62 

7 

390-h 

2 

0.033 

0.09 

35 

91.3 

24 

0.55 

7 

390-h 

4 

0.031 

0.10 

31 

25 

0.51 

7 

390+ 

2 

0.028 

0.09 

30 

approxi- 

28 

0.78 

7 

450 

I'A 

0.038 

0.14 

27 

mately 

29 

0.57 

7 

450 

2 

0.029 

0.10 

29 

90 

30 

0.57 

7 

450 

IV. 

0.035 

0.10 

34 

32 

0.52 

7 

450 

IV. 

0.031 

0.09 

33 

'  These  values  are  calculated  on  the  basis  of  the  assumption  (Scheme  I,  p.  1271 
of  the  introduction)  that  each  molecule  of  hydrazine  yields  one  molecule  of  aniline  and 
not  two  molecules  (as  demanded  by  Scheme  II). 

The  method  used  in  Expts.  30  and  32  was  chosen  as  the  best  mider  the 
working  conditions  employed.  Expt.  23  gave  a  better  yield,  but  60cc 
flasks  of  the  variety  which  after  careful  annealing  would  stand  being 
plunged  repeatedly  into  a  metal  bath  at  the  temperatiu^s  used  were  not 
then  immediately  available. 

The  method  employed  in  Expts.  30  and  32  was  essentially  this.  The 
dry  Ws-triphenylmethylhydrazine  was  weighed  into  the  specially  dried 
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flask,  the  anhydrous  zinc  chloride  finely  ground  in  a  hot  dry  mortar 
added  to  it  and  the  two  were  thoroughly  mixed.  If  the  Ws-triphenyl- 
methylhydrazine  is  pure  and  both  substances  are  thoroughly  dry,  Uttle,  if 
any  yellow  color  appears  when  the  two  are  mixed.  The  flask  was  fitted 
with  an  empty  30cm.  calcium  chloride  tube  and  that  closed  with  a  short 
filled  calcimn  chloride  tube.  The  flask  whose  contents,  protected  from 
the  xnoistture  of  the  atmosphere,  had  thus  been  thoroughly  mixed  and 
shaken  down  into  a  thin  layer  over  the  bottom  of  the  flask,  was  pltmged 
into  the  molten  metal  bath  at  450°.  After  70  seconds  it  was  removed 
and  allowed  to  cool.  The  method  for  working  up  the  product  is  essentially 
that  described  below  (p.  1286)  for  the  quantitative  examination. 

Examination  and  Identification  of  the  Products  of  Rearrangement 

Aniline. — ^The  identity  of  this  compound  was  established  by  Senior*® 
by  the  analysis  of  its  chloroplatinate.  Besides  the  observation  of  the  char- 
acteristic purple  color  developed  on  the  addition  of  calcium  hypochlorite 
solution  to  the  first  drops  of  the  steam  distillate,  the  tribromo-aniline  ob- 
tained from  the  titration  of  several  of  the  acidified  steam  distillates 
containing  aniline,  was  washed  with  water,  and  recrystalUzed  from  alcohol. 
This  product  melted  at  118-119°.  When  mixed  with  tribromo-aniline, 
melting  at  119-120°,  it  melted  at  118-120°. 

Phenol. — ^The  quantitative  preparation  of  phenol  as  tribromo-phenol 
is  described  below  (p.  1286).  The  white  precipitates  from  several  titra- 
tions" were  collected  on  a  filter,  washed  with  water  and  recrystalUzed 
from  dilute  alcohol.  The  fine,  long,  white  needle  crystals  melted  at  90°. 
Mixed  with  tribromo-phenol,  melting  at  94°,  the  product  melted  at  90-92°. 
The  identity  of  phenol  as  a  product  of  the  reaction  is  thus  established. 

Benzophenone. — ^The  quantitative  separation  of  benzophenone  in 
the  form  of  its  oxime  is  described  below  (p.  1286).  Our  qualitative 
work  by  similar  methods  yielded  a  considerable  quantity  of  almost  pure 
white  crystals  of  benzophenone-oxime  which,  when  dry,  melted  at  137- 
138°.  Mixed  with  benzophenone-oxime  melting  at  141°,  the  substance 
melted  at  138-139°.  This  established  the  presence  of  benzophenone 
among  the  hydrolyzed  rearrangement  products. 

Diphenylene-phenylmethane  and  Triphenylmethane. — ^The  hydro- 
carbons obtamed  (see  below,  p.  1286)  melted  at  82-83°.  The  melting 
point  of  this  material^*  was  not  raised  by  further  recrystallization  from 
alcohol  or  benzene.  However,  in  concentrated  ether  solution  by  a  careful 
regulation  of  the  rate  of  the  spontaneous  evaporation  of  the  solvent, 
two  distinct  types  of  crystals  were  formed.  One  consisted  of  groups  of 
fine  needles  growing  from  a  common  center;  the  other  was  made  up 
of  a  relatively  small  number  of  large  bar-Uke  crystals.    Both  were  colorless 

ss  See  Koppeschaar,  Z.  anal.  Chem.,  25,  162  (1886). 
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and  the  two  were  mediaiiically  separated  with  ease.  The  first  melted 
at  143-144^  without  purification.  Recrystallization  from  alcohol  gave 
it  a  constant  melting  point  of  145^146^.  Diphenylene-phenyhnethane, 
prepared  according  to  KliegP'  and  freed  from  triphenyhnethane,  formed 
at  the  same  time»  and  by  repeated  crystallization  from  alcohol,  melted  at 
145-146^.  An  equal  part  mixture  of  the  two  compounds  of  this  melting 
point  melted  at  145-146°.  This  established  the  identity  of  the  diphenyl- 
ene-phenylmethane  produced  in  our  reaction. 

The  larger  crystals  after  being  pressed  between  two  filter  pe4>ers  melted 
at  92  °  without  further  purification.  Mixed  with  triph^y Imetbane  melting 
at  92**,  they  melted  at  92°  and  hence  were  triphenylmethane. 

Triphenylmethane  and  Gum  Resin. — From  the  resins  left  by  steam 
distillation,  only  triphenylmethane  (m.p.  91°,  identified  as  usual)  was 
isolated. 

V.    The   Decomposition   of  Triphenyl-methylamine   at  450°   in   the 
Presence  of  Zinc  Chloride  and  the  Establislunent  of  the  Existence  <rf 
Triphenyl-methylamine  as  an  Intermediate  Product  in  the  Rearrange- 
ment of  5>w.-bi5-Triphenylmethylhydrazine 

Despite  the  thorough  search  made  for  triphenyl-methylamine  and  its 
hydrolytic  product,  triphenylcarbinol,  among  the  rearrangement  products, 
neither  could  be  foimd.  The  properties  of  triphenyl-methylamine  are 
such  that  quantities  of  it  along  with  some  triphenylcarbinol  should  have 
been  found  without  difficulty,  principally  in  the  gummy  residue  of  the 
steam  distillation  made  in  the  determination  of  the  aniline,  if  it  were 
present  in  the  melt  resulting  from  the  heating  of  bt5-triphenylmethyl- 
hydrazine  with  zinc  chloride  to  effect  the  rearrangement.  Since  none  was 
found  and  its  formation  in  the  rearrangement  was  suggested  by  the  theory 
under  investigation,  its  decomposition  by  zinc  chloride  after  its  formation 
was  indicated.  Hence,  it  became  essential  to  know  the  effect  of  heating 
triphenyl-methylamine  \yith  zinc  chloride  under  conditions  identical  with 
those  used  to  produce  rearrangement  of  &i5-triphenylmethylhydrazine. 
Accordingly,  triphenyl-methylamine  was  prepared  from  triphenylmethyl 
bromide  and  dry  ammonia.^^  To  insure  its  being  free  from  the  hydro- 
bromide,  it  was  extracted  in  a  Soxhlet  apparatus  with  low-boiling  ligroin." 
It  melted  at  103°  after  crystallization  from  the  ligroin.  The  following 
experiments  were  then  carried  out. 

Triphenyl-methylamine  (1.5  g.)  was  mixed  with  finely  grounda  nhydrous  zinc  chlo- 
ride (8  g.)  and  heated  at  450°  for  70  seconds,  exactly  as  described  in  the  previous  section 
for  the  rearrangement  of  the  &tVtriphenylmethylhydrazine.    The  melt  was  treated  with 

"  Kliegl.  Ber„  38,  287  (1905). 
"  Elbs,  ibid.,  16,  1276  (1883). 

*  This  method  of  purification  of  triphenyl-methylamine  is  due  to  Mr.  H.  C.  Trimble 
of  this  laboratory,  whose  dissertation  is,  as  yet,  unpublished. 
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ordinary  ether  and  the  resulting  dark  red  solution  was  filtered  from  a  dirty-white  in- 
soluble solid  portion  (A). 

The  solution  was  shaken  with  cone,  sodium  hydroxide  solution,  the  ether  portion 
separated,  dried  with  anhydrous  potassium  carbonate  and  solid  sodium  hydroxide,  and 
evaporated  to  dryness.  The  residue  was  dried  in  vacuo  over  solid  potassium  hsrdroxide. 
It  was  taken  up  in  absolute  ether  and,  because  the  solution  was  not  quite  complete, 
the  ether  extract  was  filtered.  Dry  hydrogen  chloride,  passed  into  the  solution,  gave  a 
flocculent  precipitate  (B).  The  solution  after  filtration  was  partially  decolorized  with 
charcoal  and  evaporated  to  dryness.  The  residual  gum  was  freed  from  ether  in  vacuo 
and  dissolved  in  a  little  benzene.  Crystallization  took  place  rapidly.  A  portion  of  the 
oystals  pressed  between  filter  paper,  fused  on  the  steam-bath  and  allowed  to  solidify, 
melted  at  90-91^.  A  mixture  of  this  with  triphenylmethane  in  equivalent  quantities 
melted  at  01-92''. 

The  insoluble  material**  (A)  when  covered  with  a  little  cone,  sodium  hydroxide 
solution  and  warmed  gave  copious  quantities  of  ammonia.  It  evidently  consisted  of  a 
zinc  ammonium  chloride. 

The  precipitate  (B)  was  a  clay  colored,  slimy  material,  which  caked  on  the  filter 
paper  as  it  dried.  It  was  very  slightly  soluble  in  alcohol  and  insoluble  in  water,  in  ether 
and  in  ligroin.  It  dissolved  in  chloroform  and  benzene,  but  crystallized  from  neither. 
On  evaporation  of  these  solvents  both  spontaneously  and  by  heat  no  crystals  could  be 
obtained  and  the  residue  was  a  resin.  When  precipitated  from  either  of  these  solvents 
by  the  addition  of  low-boiling  ligroin,  the  substance  was  a  clay  colored,  amorphous  mate- 
rial. Examination  under  the  microscope  showed  no  crystalline  material.  It  gave 
no  test  for  chlorine  or  the  chloride  ion.  Repeated  treatment  with  cone,  ammonium 
hydroxide  produced  no  change  in  its  properties.  It  possessed  no  melting  point  but 
darkened  and  shrank  into  a  hard  resin  above  220^.  Even  at  290^  no  fusion  had  taken 
place.     This  cannot  be  the  hydrochloride  of  unchanged  triphenyl-methylamine. 

In  a  further  experiment  the  melts  from  two  more  samples  of  the  fusion  of  triphenyl- 
methylamine  with  zinc  chloride  were  washed  into  separate  flasks,  treated  with  alkali  and 
distilled  for  ammonia  in  the  usual  way. 

Analyses.  Subs.,  (1)  0.6805,  (2)  0.6402.  Calc.  for  triphenyl-methylamine: 
NH,,  0.0381,*^  0.0366.    Found:   0.0356,  0.0346. 

The  melt  from  a  third  sample  was  dissolved  in  ether  and  dil.  hydrochloric  acid. 
Each  of  the  two  solutions,  after  being  well  shaken  and  separated,  was  washed  thoroughly 
with  the  other  solvent  The  portions  of  like  solvents  were  combined.  The  aqueous 
portion  containing  the  zinc  chloride  and  the  ammonia  was  rendered  strongly  alkaline 
and  distilled  for  ammonia. 

Analysts.  Subs.,  (3)  0.6016.  Calc. :  NH,,  0.0388.  Found:  0.0384. 
This  result,  in  view  of  the  separation  of  the  ether  and  aqueous  portions  before  dis- 
tillation and  the  fact  that  no  triphenylcarbinol  was  obtained  from  the  distillation  residue 
in  (1)  and  (2),  eliminates  the  possibility  of  any  hydrolysis  of  unchanged  triphenyl- 
methylamine  in  the  first  two  determinations.  Hence,  we  conclude  that  triphenyl- 
methylamine,  when  heated  under  the  conditions  previously  stated,  gives  up  its  nitrogen 
as  ammonia  practically  quantitatively. 

In  the  distillate  of  Determinations  1  and  2  were  small  quantities  of  solid  hydro- 
carbons which,  on  crystallization  from  the  ether  with  which  they  were  extracted,  melted 
at  143-144®.    Recrystallized  from  alcohol  and  mixed  with  diphenylene-phenylmethane 

"  The  exact  nature  of  this  zinc  chloride  ammonia  complex  was  not  investigated. 
"  This  value  was  calculated  on  the  basis  of  one  molecule  of  NHt  for  one  molecule 
of  triphenyl-methylamine. 
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melting  at  145",  it  gave  a  melting  point  of  1427-143  ^  Diphenylene-phenylmethane  is 
thus  identified  as  one  of  the  products  of  decomposition. 

As  in  the  other  experiment  the  residue  from  the  ammonia  Distillations  1  and  2  and 
the  ether  solution  of  3  yielded  triphenylmethane  and  gum  or  resin. 

A  sample  of  triphenyl-methylamine  heated  alone  at  450*^,  as  before,  gave  a  strong 
odor  of  ammonia  and  a  residue  of  triphenylmethane,  diphenylene-phenylmethane  and 
resin.  This  decomposition  is  entirely  analogous  to  the  thermal  decomposition  of  tri- 
phenylmethyl  bromide  and  triphenylmethyl  chloride  in  which,  respectively,  hydrogen 
bromide  and  hydrogen  chloride  together  with  triphenylmethane,  diphenylene-phenyl- 
methane and  resin  are  obtained  ;*'  and  the  decomposition  with  zinc  chloride  present  is  not 
unlike  the  decomposition  of  triphenylcarbinol  when  heated  with  solid  phosphoric  add,** 
except  that,  in  the  latter  case,  water  is  removed  instead  of  ammonia,  the  quantity  of 
diphenylene-phenylmethane  formed  is  much  greater  and  the  quantity  of  resin  is  very 
small. 

In  a  further  experiment  a  sample  of  triphenyl-methylamine  (0.294  g.)  with  zinc 
chloride  (8  g.)  was  heated  as  before  at  450"  for  70  seconds.  The  melt  was  dissolved 
in  ether  and  hydrochloric  add,  and  the  ether  portion  was  separated  and  shaken  with 
20  cc.  of  2  iV  sodium  hydroxide  solution.  The  alkaU  extract  was  rendered  acid  and 
distilled  with  steam.  The  first  portion  (1  cc.)  was  divided  into  three  parts  and  tested 
for  phenol  as  follows:  (1)  by  the  addition  of  ferric  chloride;  (2)  by  the  addition  of 
Millon's  reagent  and  then  nitric  add;'*  (3)  by  boiling  with  dil.  nitric  add  which  will  re- 
veal traces  of  phenol  by  the  odor  of  o-nitrol-phenol  in  the  hot  solution.  AU  tests  failed 
to  detect  any  phenol.  A  parallel  experiment  with  phenylimido-benzophenone  (0.220  g.) 
yidded  negative  results  in  all  three  tests. 

All  the  decomposition  products  of  triphenyl-methylamine  had  been  recovered  from 
the  mdt  of  ^i^-triphenylmethylhydrazine  and  identified  as  such  except  ammonia. 
Bf5-triphenylmethylhydrazine  (0.901  g.)  and  findy  grotmd  dry  zinc  chloride  (10  to  11  g.) 
were  therefore  heated  under  the  conditions  and  in  the  manner  previously  described  for 
this  compound.  The  mdt  was  treated  with  ether  and  a  small  quantity  of  water.  The 
aqueous  portion  when  made  strongly  alkaline  with  concentrated  sodium  hydroxide  and 
warmed,  gave  a  strong  odor  of  ammonia.  The  gaseous  ammonia  turned  moistened  red 
litmus  paper  blue  and  gave  a  heavy  brown  predpitate  with  Nessler's  reagent. 

Another  sample  of  &i5-triphenylmethylhydrazine  (0.5  g.),  without  being  mixed 
with  zinc  chloride,  heated  at  450"  gave  no  detectable  ammonia,  ndther  was  any  ani- 
line to  be  detected  in  the  hydrolyzed  products;  while  a  sample  (0.2295  g.)  of  phenyl- 
imido-benzophenone'<>  heated  in  the  same  way  gave  83%  of  the  theoretical  amount 
of  aniline.  The  ether  solution  of  the  hydrocarbons  from  this  heating  of  &f5-triphenyl- 
methylhydrazine,  after  decolorization  with  a  little  charcoal,  yielded  only  triphenyl- 
methane on  complete  evaporation.  This  melted  at  90-91".  Apparently  fris-triphenyl- 
methylhydrazine  does  not  rearrange  when  it  b  heated  in  the  absence  of  zinc  chloride, 
and  ammonia  is  not  produced  when  the  rearrangement  does  not  take  place. 

»  Elbs.  Ber.,  17,  701  (1884).  Hemilian.  ibid.,  7,  1208  (1874);  ibid,,  11, 837  (1878). 
E.  and  O.  Fischer  ibid.,  11,  613  (1878);  Ann.,  194,  257  (1878).  Nef.,  ibid.,  309,  167 
(1899).    Schwarz,  Ber.,  14,  1522  (1881). 

»Almen,  Jahresber.,  1878,  1079. 

"  This  product  was  prepared  by  the  reaction  of  Redddieu,  Ber.,  42,  4760  (1909), 
but  purified  as  follows.  At  the  end  of  the  reaction,  the  melt  was  shaken  with  strong 
alkali,  separated  and  distilled  in  vacuo  to  remove  the  excess  of  aniline.  The  wdl-cooled 
residue  was  freed  from  the  remainder  of  the  aniline  on  a  cold  porous  plate  and  twice 
recrystallized  from  dil.  alcohol.  The  product  formed  beautiful  ydlow  flaky  crystals, 
analyzing  on  hydrolysis  for  the  calculated  amount  of  aniline. 
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There  can  be  little  question  but  that  triphenyl-methylamine  was  a 
primary  product  of  the  rearrangement  and  subsequently  underwent  the 
characteristic  decomposition  of  that  compound  as  outlined  in  the  pre- 
ceding paragraphs.  This  is  established  by  the  following  facts  holding 
for  the  conditions  of  the  rearrangement  of  Ws-triphenylmethylhydrazine: 
(1)  triphenyl-methylamine  gave  practically  a  quantitative  yield  of  am- 
monia; (2)  benzophenone-phenylimide  does  not  yield  ammonia;  (3) 
triphenyl-methylamine  gave  no  hydrocarbon  products  not  found  among 
those  of  fr/^-triphenylmethylhydrazine;  (4)  Ws-triphenylmethylhydrazine 
did  not  give  ammonia  when  it  did  not  undergo  rearrangement  and  did 
give  it  when  it  did  rearrange;  (5)  the  molecular  nitrogen  and  the  tri- 
phenylmethane  from  the  portion  that  underwent  thermal  decomposition 
and  the  phenol  present  could  not  give  ammonia.  Further  evidence  bear- 
ing out  this  conclusion  is  to  be  found  in  the  quantitative  study  of  the  re- 
arrangement products. 

VI.    The  Quantitative  Study  of  the  Rearrangement  Products  of  sym.- 
bt^^Triphenylmethylhydrazine 

For  a  quantitative  study  of  this  rearrangement,  approximately  15  g. 
of  W5-triphenylmethylhydrazine  was  worked  up  in  small  portions.  For 
the  best  yield  of  aniline  under  the  conditions  employed  portions  of  about 
half  a  gram  should  have  been  used.  Individual  yields  in  this  series  (Table 
II)  were  sacrificed  somewhat  for  total  quantity  of  material  worked  up. 
Expts.  39  to  47  represent  single  samples,  while  in  Expts.  47  to  51  two 
samples  were  heated  separately  and  then  combined  for  analysis  in  each 
experiment.  The  ratio  of  the  hydrazine  to  zinc  chloride  was  about  1 :10. 
The  preparation  and  heating  of  samples  were  as  given  in  detail  in  the  pre- 
vious series  of  rearrangements. 

After  cooling  the  melt,  it  was  treated  with  ordinary  ether  and  a  little  dil.  hydro- 
chloric add  which  took  most  of  it  into  solution.  The  mixtiu-e  was  heated  for  several 
minutes  under  a  reflux  condenser  to  hydrolyze  the  phenylimido-benzophenone;'^  it  was 
shaken  thoroughly  and,  finally,  the  two  solutions  were  separated  carefully.  The 
aqueous  portion  was  extracted  thrice  with  ether.  Each  of  these  ether  extracts  was  washed 
with  dil.  add.  The  original  ether  solution  was  washed  twice  with  dil.  add.  The  acid 
portions  were  combined  and  likewise  the  ether  portions  and  the  combined  portions 
filtered.  This  gave  three  products,  (a)  the  acid  portion,  (b)  the  ether  portion,  and  (c) 
the  insoluble  portion. 

The  add  portion  (a)  containing  the  ammonia,  zinc  chloride  and  the  aniline  formed 
by  the  hydrolyzed  phenylimido-benzophenone  was  made  strongly  alkaline  in  a  closed 
apparatus  and  distilled  with  steam  into  20  cc.  of  6  iV  sulfuric  add.  The  distillate  (400 
cc.)  was  extracted  with  alcohol-free  ether  to  remove  any  hydrocarbons,'*  freed  from  any 

•'  The  completeness  of  this  hydrolysis  was  tested  in  this  way:  0 . 2297  g.  of  phenyl- 
imido-benzophenone was  treated  as  indicated  in  the  text  and  the  aqueous  portion  ti- 
trated for  aniline.     Calc.  for  aniline:   0.0831  g.     Pound:   0.0828  g. 

»*  Despite  the  complete  hydrolysis  of  the  phenylimido-benzophenone  and  the  thor- 
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dissolved  ether  and  titrated  for  aniline  with  standard  bromate  solution.  A  slight  excess 
of  sodium  thiosulfate  was  added  and  the  tribromo-aniline  removed  by  filtration.  The 
filtrate  was  then  made  alkaline  and  the  ammonia  distilled  in  the  usual  manner.  Cochi- 
neal was  used  as  the  indicator.** 

The  ethereal  portion  (b),  containing  the  phenol,  all  the  hydrocarbons  and  bcnzo- 
phenone,  was  shaken  with  sodium  hydroxide  solution  (15  to  20  cc.  of  2  iV)  and  two  like 
portions  of  water.  The  combined  aqueous  portions  containing  all  the  phenol'*  were  rid 
of  dissolved  ether,  made  add  with  hydrochloric  add  and  distilled  with  steam  into  dil. 
sodium  hydroxide  (5  cc).  The  distillate  (300  cc.)  was  rendered  strongly  add  and  ti- 
trated with  standard  bromate  solution  for  phenol. 

The  ethereal  solution  of  hydrocarbons  and  benzophenone  from  the  whole  series  or 
rearrangements  was  distilled  nearly  to  dryness  and  distilled  with  steam  until  the  dis- 
tillate had  entirdy  ceased  to  be  milky  in  appearance.  Solid  hydrocarbons  were  still 
coming  over  but  the  benzophenone  was  practically  all  distilled.*^ 

The  recovery  of  benzophenone  from  the  hydrocarbon  mixture,  extracted  from  the 
steam  distillate,  was  carried  out  essentially  as  described  earlier  in  this  paper.  The 
mother-liquor,  after  the  removal  of  the  benzophenone-oxime,  was  extracted  and  this 
extract,  together  with  the  mixture  of  hydrocarbons  previously  removed,  was  treated 
a  second  time  for  benzophenone.    A  very  small  second  crop  of  the  oxime  was  obtained. 

The  mixture  of  triphenylmethane  and  diphenylene-phenylmethane  predpitated 
from  the  alkaline  solution  of  benzophenone-oxime,  after  being  washed  free  from  alkali, 
mdted  at  80-^^.  This  was  dissolved  in  a  little  ether  and  by  a  careful  control  of 
the  concentration,  two  crops  (1.10  g.)  of  triphenylmethane,  m.  p.  90^,  were  removed. 
The  diphenylene-phenylmethane  (0.05  g.)  was  then  crystallized,  and  recrystallized  from 
alcohol.    It  mdted  at  145-146°. 

The  residue  from  the  distillation  with  steam  was  extracted  with  ether  and  the  ex- 
tract treated  with  animal  charcoal,  filtered,  dried  with  caldum  chloride,  distilled  to 
dryness  and  freed  from  ether  in  vacuo.    Benzene  was  added  to  this  residual  gum  and 


ough  extraction  of  the  add  portion  (a)  with  ether,  there  was  some  neutral  product 
distilled  at  this  point.  This  proved  to  be  benzophenone  mdting  at  45°.  It 
was  added  to  the  ethereal  portion  (b).  This  suggests  the  probability  of  formation 
of  a  complex  oxonium  salt  of  benzophenone.  The  quantity  of  this  material  va- 
ried greatly.  The  controlling  factors  were  not  investigated  but  will  be  determined 
in  this  Laboratory.    See  Maass  and  Mcintosh,  This  Journal,  33,  71  (1911). 

**  The  presence  of  the  ammonium  salt  in  no  way  affected  the  aniline  titration. 
(See  Kingscott  and  Knight,  "Quantitative  Organic  Analyses,"  Longmans,  Green  and 
Co.,  1914,  p.  257;  Sutton,  "Volumetric  Analyses,"  Blakiston's  Son  and  Co.,  1911,  p. 
387).  The  accuracy  of  the  ammonia  determination  from  the  filtrate  was  suf- 
cient  for  the  purpose  for  which  it  was  used.  Some  blank  experiments  gave  these 
results:  0.0345  g.  of  aniline  and  0.1164  g.  of  ammonium  sulfate  (NH»  content, 
0.0300  g.)  gave  0.0344  g.  of  aniline  and  0.0303  g.  of  NH*;  0.0345  g.  of  aniline 
and  0.1164  g.  of  ammonium  sulfate  gave  0.0344  g.  of  aniline  and  0.0301  g.  of  NHi. 

**  The  completeness  of  the  separation,  and  the  absence  of  condensation,  of  the 
aniline  and  the  phenol  on  being  heated  with  a  concentrated  solution  of  zinc  chloride 
and  hydrogen  chloride  were  tested.  A  typical  experiment  gave  these  results:  0.0345 
g.  of  aniline,  0.0305  g.  of  phenol  and  0.0887  g.  of  ammonium  sulfate  (NHj  content 
0.0229  g.)  gave  0.0346  g.  of  aniline,  0.0304  g.  of  phenol  and  0.0232  g.  of  ammonia. 

^  Benzophenone  (0 .  70  g.)  was  distilled  with  steam,  the  condenser  terminating  in 
an  adapter  which  dipped  beneath  the  surface  of  the  distillate  as  in  the  aniline,  ammonia 
and  phenol  distillations.  From  the  first  400  cc.  of  the  distillate  0.672  g.  of  benzo- 
phenone was  recovered  by  extraction. 
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from  it  two  crops  of  triphenylmethane  oystals,  totaling  3.3  g.,  were  obtained.  The 
gum  after  removal  of  the  crystals  was  again  subjected  to  distillation  with  steam  until 
800  cc.  of  distillate  had  accumulated.  This  distillate  on  extraction  yielded  0.2  g.  of 
hydrocarbons,  which  were  very  largely  diphenylene-phenylmethane  (m.  p.  144®). 
The  small  amount  of  contaminating  material  proved  to  be  triphenylmethane.  The 
residue  from  distillation  with  steam  (a)  was  again  extracted,  dried  in  vacuo  and  treated 
with  benzene  in  an  effort  to  obtain  further  crystallization.  The  crystals  formed  were 
extremely  small  in  amount  and  were  not  recovered. 

The  insoluble  residue  (c)  left  after  treatment  of  the  melt  with  ether  and  aqueous 
add,  was  subjected,  in  the  original  filter  papers,  to  extraction  in  a  modified  Soxhlet 
apparatus  with  chloroform  as  the  solvent.  This  gave  a  carbonized  residue  (/?)  and  a 
chloroform  solution  of  a  resin-like  material  (7)  in  no  way  distinguishable  from  the 
precipitate  (B)  described  in  connection  with  the  decomposition  of  triphenyl-methyl- 
amine,  except  that  it  was  darker  in  color.    This  will  be  discussed  later. 

A  portion  (1.12  g.)  of  the  benzophenone-oxime  recovered  was  dissolved  in  alcohol, 
dil.  hydrochloric  add  added  and  the  solution  boiled  for  several  hours;. it  was  then  diluted 
and  extracted  with  ether.  The  dried  extract  yidded  an  oil  which  crystallized  on  bdng 
seeded  with  a  crystal  of  benzophenone.  This  wdghed  1.02  g.  and  melted  at  45®. 
Recrystallized  from  ligroin  it  melted  at  47.5®  to  48®. 

The  identification  of  each  of  the  compounds  obtained  was  carried  through  again  as 
follows. 

Melting   Points 

Kaown 
Compound  Pound  compound  Mixed  sample 

•  C.  •  C.  •  C. 

Ammonia 

Tribromo-aniline 118-119  119-120  118-120 

Tribromophenol 91-92  92-93  92-93 

Benzophenone 

asoxime 139.5  141  140-141 

as  benzophenone 47 .6-48  48  47 

Triphenylmethane 

(from  the  steam  distillate)...      90  92  90-91 

(from  the  steam  distillation 

residue) 90-91  92  90-91 

Diphenylene-phenylmethane 145-146  145-146  145-146 

The  gum  or  resin  (a)  residue  from  the  distillation  with  steam  and  removal  of  tri- 
phenylmethane was  apparently  identical  with  that  obtained  in  the  decomposition  of 
triphenyl-methylamine  and  as  such  was  considered  as  a  final  product. 

The  residue  (0)  from  the  chloroform  extraction  of  insoluble  portion  (c)  from  the 
original  mdt  was  in  no  way  distinguishable  from  carbon  in  its  behavior  in  a  flame  and  its 
total  insolubility  in  benzene,  a  characteristic  of  free  carbon. 

As  previously  stated  the  residue  (7)  after  evaporation  of  the  chloroform  was  iden- 
tical in  every  way  but  depth  of  color  with  the  material  obtained  from  the  decomposition 
of  triphenyl-methylamine.  It  showed  the  same  solubilities  and  when  precipitated  from 
chloroform  with  low-boiling  ligroin  and  dried,  it  gave  the  caked  smear.  Repeated  pre- 
dpitation  failed  to  purify  or  change  it.  When  heated  in  a  melting-point  tube,  it  dark- 
ened and  shrank  from  225-230®  up  (heated  to  290®)  but  never  mdted  so  as  to  spread  on 
or  stick  to  the  tube.  After  the  heating,  the  material  was  shaken  out  of  the  tube  and 
formed  a  hard,  dark  resin.  It  was  probably  a  highly  condensed  or  polymerized  mass. 
A  sample  of  the  precipitated  material  findy  ground  was  tr^ted  in  aqueous  suspension 
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with  concentrated  ammonium  hydroxide.  It  underwent  no  change  in  appearance  or  the 
properties  evidenced  under  heat  and  solvent.  Treatment  with  othtir  alkalies  and  acids 
did  not  affect  it.  These  properties  are  not  unlike  those  exhibited  by  the  very  highly 
polymerized  products  of  the  indene  and  cumarone  series  and  other  partly  unsaturated 
bodies. 

The  quantitative  determinations  of  the  rearrangement  products  of  this 
series  are  given  in  the  table  that  follows.  In  this  table,  Part  1  gives  the 
results  for  aniline,  phenol  and  ammonia:  Col.  1  gives  the  number  of  the 
experiment,  Col.  2  the  weight  of  samples  used  (given  in  values  rounded  to 
centigrams  but  calculated  to  milligrams),  Col.  3  the  aniline  found,  Col.  4 
the  yield  of  aniline  expressed  in  percentages  of  the  maximum  calculated 
yield.  In  Col.  5  the  weight  of  phenol  is  given  and  in  Col.  6  the  equivalent 
percentage  of  aniline,  calculated  on  the  assumption  that  each  molecule 
of  phenol  represents  a  molecule  of  aniline  lost  in  the  rearrangement  (sec 
the  introduction).  In  Col.  7  we  have  the  sum  of  the  aniline  actually  found 
and  of  the  aniline  equivalent  of  the  phenol  found.  In  Col.  8  the  amotmt 
of  ammonia  found  is  given  and  in  Col.  9  the  percentage  of  the  calculated 
yield  found,  figured  on  the  basis  of  the  assumption  that  each  molecule 
of  hydrazine  gives  by  way  of  triphenyl-methylamine  a  molecule  of  am- 
monia. In  Part  2,  the  results  for  benzophenone  are  summarized,  the 
calculations  being  based  on  the  23.94%  of  rearranged  substance  shown 
by  the  aniline  of  the  total  of  Col.  4  of  the  first  part  of  the  table.  In  Part 
3  the  yields  of  other  products  are  given  in  grams. 

Tablb  II 

Quantitative  Dbtbrmination  op  the  Rbarrangemsnt  Products 

1.  Aniline,  Ammonia  and  Phenol 


6 


8 


9 


No. 

Sample 

AaiUne  found 
%of 

Phenol 
found 

An.  eq. 

Sum  of 
aniline 

and 
an.eq. 

Ammonia  found 

G. 

G. 

Calc. 

G. 

% 

.     % 

G. 

% 

39 

0.77 

0.040 

28.8 

0.035 

25.1 

53.9 

0.016 

64.0 

40 

0.77 

0.043 

31.0 

0.030 

21.6 

52.6 

0.014 

56.0 

41 

0.65 

0.026 

22.2 

0.032 

27.4 

49.6 

0.013 

61.9 

42 

0.76 

0.028 

20.4 

0.038 

27.8 

48.2 

0.016 

64.0 

43 

1.02 

0.046 

25.0 

0.037 

20.5 

45.5 

0.021 

61.8 

44 

1.35 

0.053 

21.8 

0.067 

27.3 

49.1 

0.031 

69.0 

45 

1.54 

0.038 

13.7 

0.048 

17.3 

31.0 

0.026 

51.0 

46 

0.52 

0.027 

28.7 

0.029 

30.9 

69.7 

0.0115 

67.6 

47 

1.61 

0.071 

24.6 

0.067 

22.7 

47.2 

0.0321 

60.4 

48 

1.46 

0.069 

26.2 

0.074 

28.2 

54.4 

0.033 

68.7 

49 

1.61 

0.072 

24.8 

0.074 

26.2 

50.0 

0.031 

68.5 

50 

1.60 

0.068 

25.2 

0.075 

27.4 

52.6 

0.033 

67.3 

51 

1.55 

0.071 

26.5 

0.080 

28.3 

53.8 

0.033 

64.7 

Total 

15.11 

0.662 

23.94 

0.686 

24.94 

48.9 

0.3106 

62.3 
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2.  Benzophenone 

Sample  Beazopheaone-cndme  Benzopheaone 

taken  Pound  Calc.  Found  Calc. 

15.12  1.22»«  1.38  1.12  1.27 

3.  Other    Products 

Prom  steam  Prom  steam 

distillate  distillate  residue               Total 

G.  G.                              G. 

Triphenylmethane 1.10  3.30                   4.40 

Diphenylene-phenylmethane .25  0.25 

Gum  resin-steam  dist.  residue 6 .35                   6 .35 

Carbonized  residue  (/3) 0 .30 

Resinous  material  (7) 0 .35 

Vn.    Rearrangements  of  5>w.-&t5-Triphenylmethylhydrazme  in  Other 

Atmospheres  than  Air^^ 

With  a  view  to  the  study  of  the  rearrangement  and  the  coincidental 
thermal  decomposition  by  accounting  for  the  whole  of  the  nitrogen  of  the 
molecule  in  the  products  found,  attempts  were  made  to  secure  the  re- 
arrangement of  the  hydrazine  in  an  atmosphere  of  carbon  dioxide.  It 
was  expected  that  possibly  a  relation  could  be  found  between  the  per- 
centage of  the  W5-triphenylmethylhydrazine  that  imderwent  the  primary 
decomposition  into  nitrogen  and  triphenylmethane  and  the  percentage 
of  the  W5-triphenylmethylhydrazine  which  underwent  the  rearrangement, 
and  that  by  the  measurement  of  the  nitrogen  evolved  and  the  aniline 
produced  at  various  temperatures,  the  extent  of  the  thermal  decompo- 
sition and  of  the  rearrangement  would  be  given.  It  was  proposed  to  begin 
at  temperatures  below  SOO**,  this  being  the  only  temperature  at  which, 
at  that  time,  the  arrangement  had  been  eflfected.^*  Accordingly,  thfc 
following  experiments  were  carried  out. 

A  sample  (0.514  g.)  of  friVtriphenylmethylhydrazine  was  weighed  into  a  hard  glass 
tube,  5  g.  of  finely  ground  anhydrous  zinc  chloride  added  and  the  two  intimately  mixed. 
The  tube  was  connected  with  a  source  of  dry  carbon  dioxide  and  by  an  outlet  to  a  nitrom- 
eter. When  the  apparatus  had  been  freed  from  air,  the  tube  was  immersed  in  an  oil- 
bath  at  275°  and  retained  there  until  nitrogen  had  ceased  to  be  evolved.  The  nitrogen 
collected  amotmted  to  3.7  cc.  at  23**  and  738.1  mm.,  uncorrected.  The  melt  was  dis- 
solved out  with  ether  and  water,  washed  well  with  cone,  sodium  hydroxide  solution, 

"  One  g.  of  benzophenone  and  2.3  g.  of  triphenylmethane  yielded  0.95  g.  of  benzo- 
phenone-oxime  and  2.27  g.  of  triphenylmethane  when  the  mixture  was  treated  as  out- 
lined in  the  text  of  this  paper.  Calc,  1.08  g.  of  the  oxime.  Hence  1.22  -h  0.13  = 
1 .35  g.  of  the  oxime  calculated  (1 .38)  in  the  text  is  accounted  for. 

^  This  work  was  done  before  the  decomposition  of  triphenyl-methylamine  was  in- 
vestigated and  the  presence  of  ammonia  among  there  arrangement-decomposition  prod- 
ucts of  frtVtriphenylmethylhydrazine  was  discovered  and  its  quantity  taken  as  the 
measure  of  the  minimum  portion  of  the  ^-triphenylmethylhydrazine  which  originally 
split  into  triphenyl-methylamine  and  the  univalent  nitrogen  derivative,  which  re- 
arranges to  give  phenylimido-benzophenone  and  phenol. 

*  By  ourselves  and  by  Stieglitz  and  Senior,  Ref.  19.  p.  2731. 
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hydrolyzed  and  distilled  with  steam  after  the  addition  of  sodium  hydroxide.  No  aniline 
could  be  detected  in  any  portion  of  the  distillate  with  calcium  hjrpochlorite  solution. 
The  solid  hydrocarbons  in  the  distillate  softened  from  70°  up  and  melted  at  78-84*. 
Beyond  this  they  were  not  investigated  at  this  time. 

A  sample  (0.664  g.)  of  W^-triphenylmethylhydrazine  was  treated  as  above  except 
•  that  a  temperature  of  300  **  was  used.  The  evolution  of  the  nitrogen  seemed  to  be 
complete  in  about  3  minutes  and  it  had  all  been  swept  over  at  the  end  of  10  minutes. 
The  gas  collected  amounted  to  6.8  cc,  at  24°  and  752.5  mm.,  uncorrected.  As  before, 
all  efforts  to  detect  aniline  among  the  hydrolyzed  products  failed.  The  hydrocar- 
bons extracted  from  the  distillate  with  steam  melted  at  78-81  °  and,  mixed  with  an 
equal  quantity  of  triphenylmethane  melting  at  92°,  melted  at  85-88°.  They  were 
not  further  investigated. 

After  the  rearrangement  in  air  had  been  developed  to  give  a  yield  of  35%  of  the 
calculated  amount,  the  conditions  of  temperature,  time,,  and  container  and  methods  of 
manipulation  were  applied  to  secure  rearrangement  in  carbon  dioxide.  Four  experi- 
ments were  made.  A  mixture  of  0.518  g.  of  6f5-triphenylmethylhydrazine  and  7  g.  of 
zinc  chloride  prepared  as  described  earlier  in  this  paper  was  heated  in  an  atmosphere  of 
carbon  dioxide,  prepared  by  the  heating  of  pture  sodium  hydrogen  carbonate,  and  dried 
by  being  passed  through  2  sulfuric  acid  wash-bottles.  After  the  flask  had  cooled  it  was 
immersed  in  an  ice-bath  and  the  nitrogen  swept  into  the  nitrometer.  The  melt  was 
lighter  in  color  than  those  produced  in  air,  being  brown,  and  had  no  odor  of  phenol  but 
one  resembling  that  of  diphenyL  It  was  dissolved  in  ether  and  water;  the  resulting 
solutions  were  shaken  with  cone,  sodium  hydroxide  solution  and  the  ethereal  solution  sep- 
arated. To  this  ethereal  extract,  aqueous  and  ethereal  solutions  of  hydrogen  chloride 
were  added,  and  the  6ther  was  distilled.  The  residue  was  warmed  for  20  to  30  min- 
utes on  the  water-bath,  made  alkaline  and  distilled  with  steam.  No  trace  of  aniline  was 
found  in  the  distillate.  The  hsrpochlorite  test  as  applied  easily  detected  0.01  mg.  of 
aniline  in  the  same  volume  of  solution. 

The  above  experiment  was  repeated  with  0.556  g.  of  &t5-triphenylmethylhydrazine. 
Fifty  cm.  of  tubing  filled  with  glass  beads  covered  with  phosphorus  pentoxide  had  been 
added  to  the  dnring  system.  The  first  few  drops  of  the  distillate  gave  a  very  faint 
coloration  with  the  hsrpochlorite  solution.   The  test  was  considered  exceedingly  doubtful. 

The  experiment  was  again  repeated  with  0.616  g.  of  ^-triphenylmethylhydrazine, 
the  carbon  dioxide  being  generated  from  pure  magnesite.  The  first  portion  (1  cc.)  of 
distillate  in  this  case  gave  an  appreciable  color  with  hjrpochlorite  solution.  The  color 
was  not  quite  the  characteristic  «ptui>le  but  may  have  been  affected  by  the  opalescence  of 
the  distillate  due  to  the  hydrocarbons  present. 

One  more  experiment  was  made  with  0.501  g.  of  the  ^-triphenylmethylhydrazine. 
As  in  the  last  experiment,  the  first  portion  (1  cc.)  of  the  distillate  with  steam  gave  a 
coloration  with  the  hjrpochlorite  solution. 

In  each  of  these  experiments  the  first  400  cc.  of  the  acid  distillate  with  steam  was 
extracted,  freed  from  dissolved  ether  and  titrated  with  standard  bromate  solution. 
Some  bromate  solution  was  used  up  and  varied  in  amounts  equivalent  to  2  to  5  mg.  of 
aniline.  In  no  case,  however,  was  there  a  precipitate  of  tribromo-aniline,  while  3  mg.  of 
aniline  gives  a  marked  precipitate  of  tribromo-aniline.  Further,  after  extraction  of  the 
distillate  in  the  fifth  experiment,  it  was  diluted  to  exactly  500  cc.  and  divided  into  two 
250  cc.  portions.  One  portion  was  rid  of  dissolved  ether  and  then  titrated  with  standard 
bromate  solution.  It  required  0.71  cc.  of  the  solution.  The  second  portion  (250  cc.) 
was  made  alkaline,  extracted,  freed  from  ether,  acidified  and  titrated.  This  portion  re- 
quired 0.72  cc.  of  the  bromate  solution.  The  extract  of  the  second  portion,  on  being 
evaporated  in  a  very  slow  stream  of  dry  air,  yielded  no  residue.  The  distillate  of  Expt 
4  was  extracted  10  times  with  a  total  of  500  cc.  of  ether  free  from  alcohol,  and  required 
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approximately  the  same  quantity  of  bromate  solution  as  the  other  distillates.  After 
the  standard  solutions  used  in  these  titrations  had  been  checked,  and  0.0070  g.  of  aniline 
out  of  the  0.0101  g.  theoretically  possible  had  been  recovered  from  0.0279  g.  of  phenyl- 
imido-benzophenone  on  treatment  identical  with  that  applied  to  the  W5-triphenylmethyl- 
hydrazine,  it  was  concluded  that  if  any  phenylimido-benzophenone  was  formed  by  re- 
arrangement in  any  of  these  experiments,  it  was  exceedingly  minute  in  amount.  Traces 
of  aniline,  if  proved,  could  be  explained  by  the  presence  of  the  0.4  to  0.5  cc.  of  air  found 
to  be  occhided  by  the  zinc  chloride  and  freed  when  heated  as  described  above. 

The  hydrocarbon  extracted  from  the  distillate  with  steam  on  evaporation  of  the 
ether  proved  to  be  triphenylmethane  melting  at  88-90**,  while  the  steam  distillation 
residue  in  benzene  solution  yielded  triphenylmethane  crystals  which  after  being  washed 
with  ligroin  melted  at  88-89  **. 

The  nitrogen  evolved  in  these  last  four  experiments  varied  from  60  to  75%  of  the 
total  nitrogen  in  the  sample  taken. 

Although  a  priori  reasons  make  it  unlikely  that  phenol  was  formed  in  these  ex- 
periments (see  the  introduction),  the  alkaline  sodium  zincate  solutions  from  the  fourth, 
fifth  and  sixth  experiments  were  saturated  with  carbon  dioxide  and  extracted  with  ether. 
The  extracts  were  allowed  to  evaporate  spontaneously.  The  residues  showed  no  test 
for  phenol  on  the  addition  of  ferric  chloride. 

These  results,  in  the  light  of  those  from  the  rearrangements  in  air, 
raise  the  rather  serious  question  as  to  whether  the  oxygen  of  the  air  is 
productive  of  the  rearrangement  or  whether  the  carbon  dioxide  exerts 
an  inhibilive  influence  on  it.  Qualitative  and  quantitative  determinations 
of  the  amimonia  in  the  products  of  the  attempted  rearrangements  in  carbon 
dioxide  will  show  whether  the  carbon  dioxide  prevents  completely  the 
primary  splitting  into  triphenyl-methylamine  and  the  imivalent  nitrogen 
derivative  which  rearranges  to  give  benzophenone-phenylimide,  or  only 
prevents  this  latter  rearrangement  after  the  splitting  has  occurred.  If 
the  splitting  does  occur,  it  is  much  less  in  carbon  dioxide  than  in  air, 
in  view  of  the  amounts  of  nitrogen  and  of  the  hydrocarbon  products 
found.  It  is  considered  doubtful  that  the  splitting  occurs,  but  only  ex- 
perimental study  which  includes  data  on  the  amounts  of  ammonia  formed 
can  determine  that.  With  data  available  on  the  rearrangement  in  an 
atmosphere  of  nitrogen  or  in  vacuo  a  quantitative  study  of  the  ammonia, 
aniline  and  phenol  as  well  as  the  other  products  from  rearrangements 
effected  in  mixtures  of  oxygen  and  nitrogen,  in  which  the  percentage  of 
oxygen  is  made  to  vary  from  zero  to  that  of  the  air,  should  shed  valuable 
light  on  the  true  part  oxygen  plays  in  the  rearrangement. 

Two  arrangements,  one  in  air  and  one  in  oxygen,  carried  out  simul- 
taneously in  the  same  metal  bath  and  with  a  lOOcc.  Erlenmeyer  flask 
gave  these  results. 
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condtisions  cannot  safely  be  drawn  on  less  than  a  whole  series  of  such 
meastu-ements,  together  with  the  quantitative  determinations  of  the  am- 
monia produced  in  each  arrangement. 

Summary 
Our  conclusions  may  be  summarized  as  follows. 

1.  The  formation  of  an  aniline  derivative  by  the  rearrangement  of 
5>w.-W5-triphenylmethylhydrazine,  as  observed  by  Senior  and  the  one  of 
us,  was  fully  confirmed. 

2.  Benzophenone  was  isolated  as  a  product  of  the  hydrolysis  of  the 
presumable  primary  rearrangement  product  phenylimido-benzophenone. 

3.  The  decomposition  products  of  triphenyl-methylamine,  namely, 
ammonia  and  diphenylene-phenylmethane  and  triphenylmethane,  which 
are  formed  when  triphenyl-methylamine  is  heated  with  zinc  chloride, 
were  also  fotmd  in  quantity  in  the  reaction  products  and  the  conclusion 
diawn  that  triphenyl-methylamine  is  a  primary  product  of  the  action 
studied  and  is  tiien  decomposed  in  the  manner  indicated. 

4.  Triphenylmethane  and  nitrogen  were  proved  to  be  products  of  the 
thermal  decomposition  of  the  hydrazine,  the  result  of  an  intramolecular 
oxidation-reduction  in  a  direction  reverse  to  that  which  causes  the  re- 
arrangement. 

5.  Phenol  was  obtained  in  quantity  when  the  rearrangement  reaction 
was  carried  out  in  air  but  none  was  found  when  the  action  was  carried  out 
in  an  atmosphere  of  carbon  dioxide.  The  hypothesis  has  been  tentatively 
formulated  that  the  formation  of  phenol  is  due  to  the  capture  of  oxygen 
by  escaping  migrating  phenyl  radicals. 

6.  In  support  of  this  view  the  sum  of  the  aniline  and  the  phenol  ob- 
tained was  fotmd  to  be  roughly  equal  to  the  total  amount  of  ammonia 
formed. 

7.  The  observation  was  made  that  there  is  apparently  no  rearrange- 
ment in  the  absence  of  air,  a  result  which  demands  further  investigation 
of  the  possibility  that  the  rearrangement  is  the  result  of  an  oxidation  re- 
action in  which  the  oxygen  of  the  air  takes  part. 

8.  The  interpretation  of  the  reactions  from  the  point  of  view  of  the 
theory  of  electronic  valences  is  given  and  accords  well  with  the  explanation 
of  other  rearrangements  of  this  general  type. 

Chicago,  Illinois 
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THE  ELECTRON  THEORY  OF  VALENCE  AS  APPLIED  TO 
ORGANIC  COMPOUNDS 

By  Julius  Stieglitz 

Received  September  7,  1921 

Since  the  writing  of  the  preceding  article  (1917)  by  R.  L.  Brown  and  my- 
self on  the  molecular  rearrangement  of  sym.  W^-triphenylmethylhydrazine, 
considerable  work  has  been  done  on  the  development  of  the  electron  theory 
of  valence  by  G.  N.  Lewis,  Langmuir,  Kossel  and  W.  A.  Noyes,  in 
addition  to  other  authors.  Of  particular  importance  for  our  problem 
have  been  the  opposing  views  as  to  the  existence  in  organic  compounds  of 
"polar"  valences  or  of  *'non-polar*'  valences,  as  defined  by  Lewis,  by  Bray 
and  Branch^  and  by  J.  J.  Thomson.*  In  the  article  by  Brown  and  myself 
the  conception  of  definite  positive  and  negative  charges  on  carbon,  hydro- 
gen, nitrogen  and  oxygen  atoms  in  organic  compounds  has  been  used  as 
in  previous  discussions  of  molecular  rearrangements  from  this  laboratory.' 

In  this  article  it  is  proposed  to  consider  critically  the  value  of  the  two 
theories,  polar  and  non-polar,  in  the  interpretation  of  the  rearrangement  of 
{>x5-triphenylmethylhydrazine  and  related  compounds,  as  well  as  in  follow- 
ing other  types  of  reactions  in  organic  chemistry,  in  which  the  writer  has 
been  actively  interested. 

I.  From  the  point  of  view  of  polar  valences  the  molecular  rearrangement 
of  the  hydrazine  would  proceed  as  follows. 

(CeH5+)3=C+-N-  0N-  +CO  {C^^)^  -*  (C6H5+)-Nl  tC=(C«H5+)2  [A] 

+  (C«H6+)3 -C+ -N-H2+     [B]  (1) 

The  final  products  are  phenylimido-benzophenone  (A)  and  triphenyl- 
methylamine  (B).  In  this  interpretation  the  source  of  instability  or  the 
"fault"  in  the  original  molecule  is  the  nitrogen  atom  +N"  which  needs  2 
electrons  in  order  to  go  over  into  its  most  stable  form  N*  as  in  ammonia. 
Whatever  the  mechanism  of  the  rearrangement  is,  this  nitrogen  atom  is 
ultimately  fotmd  as  N*  in  triphenyl-methylamine  (B)  or  in  phenylimido- 
benzophenone  (A).  We  have  assumed  as  the  most  direct  and  simplest 
course  that  the  "slip"  starts  with  the  capture  of  2  electrons  by  +N"  from 
the  neighboring  carbon  atom  (the  encircled  charges  0  and  ©  indicate 
the  course  of  the  slide  of  electrons),  which  necessitates  the  loss  of  a  phenyl 
»  Bray  and  Branch,  This  Journal,  35,  1440  (1913).  G.  N.  Lewis,  ibid.,  p.  1448; 
38,  762  (1916). 

*  Thomson,  PhU.  Mag.,  27,  757  (1914). 

•  Sec  literature  references  in  Proc.  Nat.  Acad.  Sci.,  1, 196  (1915)  and  This  Journal, 
36, 272  (1914),  38, 2046  (1916),  where  references  to  previous  articles  are  given.  See  also 
L.  W.  Jones,  Am.  Chem.  /.,  50,  440  (1913).  etc. 
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group  (CeHs"*")  by  the  new  positive  comer  of  the  methyl  carbon  atom  and 
the  capture  of  the  phenyl  group  by  the  new  negative  charge  on  the  nitrogen 
atom.  It  might  well  be  possible  that  the  slip  starts  with  the  capture  of  2 
electrons  by  "^N"  from  the  neighboring  nitrogen  atom,  leaving  an  unstable 
univalent  nitrogen  derivative  (C6H6+)a^C"*'~N  which  then  rearranges  as 
the  result  of  the  recapture  of  the  lost  electrons  by  the  nitrogen  atom 
from  the  neighboring  carbon  atom,  phenylimido-benzophenone  (B)  re- 
sulting/ 

In  this  interpretation  two  definite  relations  stand  out.  Without  any 
ad  hoc  assumptions,  we  have,  at  first,  an  obvious  cause  for  the  molecular 
rearrangement  in  the  tmquestioned  instability  of  +N",  containing  only  6 
valence  electrons,  as  compared  with  N"  in  which  the  full  complement  of  8 
electrons  is  found  in  the  valence  electron  shell  of  the  nitrogen  atom.  In  the 
second  place,  in  the  rearrangement  the  one  methyl  carbon  atom  is  very 
evidently  oxidized  by  the  loss  of  2  electrons  to  the  nitrogen.  As  a  matter  of 
fact  in  the  reaction  products  phenylimido-benzophenone  (A)  is  a  deriva- 
tive of  a  ketone,  benzophenone  (C«H6)2Ct  -  O,  which  it  forms  by  hydrolysis, 
while  the  original  compotmd  is  a  derivative  of  an  alcohol,  triphenylcarbinol 
(C«H6)8C+'"OH,  and  is  indeed  prepared  from  triphenylmethyl  chloride 
(C6H6),C+-C1. 

These  two  advantages — they  are  fimdamental — are  not  fotmd  in  the 
interpretation  on  the  basis  of  the  non-polar  valence  theory  which  follows. 

II.  Of  the  various  theories  of  non-polar  valence  brought  forward  the 
author  would  incline  to  the  type  of  non-polar  valence  first  presented  by 
Bohr^  and  to  the  somewhat  similar  views  of  G.  N.  Lewis.^  We  have  Bohr's 
well-known  conception  of  the  hydrogen  molecule  as  consisting  of  2  positive 
atoms  held  together  by  2  common  electrons  rotating  in  an  orbit  in  a  plane 
between  the  two  atoms,  which  we  may  express  as  ©  :  ®.  G.  N.  Lewis's 
views  postulate  a  similar  pair  of  electrons,  but  apparently  these  do  not 
rotate  {i.  e,,  they  are  essentially  in  fixed  positions).  Kossel^  has  applied 
similar  views  to  other  molecules,  and  the  views  of  Lewis  and  Langmuir, 
as  far  as  our  present  discussion  is  concerned,  may  be  considered  to  express 
essentially  the  same  fundamental  conception.  A  pair  of  such  binding 
electrons  would  be  found,  for  instance,  at  each  of  the  4  valence  positions, 
i.  e.t  the  4  tetrahedral  comers  of  the  Le  Bel-van't  Hoff  carbon  atom,' 

Representing,  as  Lewis  does,  two  such  binding  electrons  by  the  symbol : 
we  may  also  represent  bis-triphenylmethylhydrazine  as 

^  See  Stieglitz  and  collaborators,  Ref .  3. 

•  Bohr,  Phil.  Mag.,  26,  476,  857  (1913).     See  p.  874  in  regard  to  the  application  of 
this  conception  to  carbon  valences. 

•  Lewis,  This  Journal,  38, 762  (1016). 
7  Kossel,  Ann.  Physik,  49, 229  (1916). 

»  Ref .  6,  p.  874.    Ref.  6,  p.  780. 
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The  f  ollowii^  equation  would  express  the  rearrangement. 

H    H 

(C«H,: ),  C  :  N  :  N  :  C(:  QH.),  -  C,H. :  N  ::  C(:  C,H.),      [A] 

H 

+  (C,H5:),C:N:H    [B]  (2) 

An  ammono-nitrogen  atom  of  the  type  fotind  in  ammonia  and  the  amines 
has  either  3  extra  electrons  as  expressed  in  N^("'"H)s  or  there  are  6  non- 
polar  electrons  binding  the  nitrogen  to  hydrogen  ^id  2  non-active  valence 

electrons  as  expressed  by  H:N:H.    In  either  event,  the  valence  shell 

H 

would  contain  the  octet  of  electrons,  which  represents  a  condition  of 
stability.  Now,  in  the  hydrazine  each  nitrogen  atom  has  its  full  octet  of 
electrons  as  is  seen  in  the  above  formula,  and  without  some  further  as- 
sumption it  is  not  at  all  evident  why  the  molecule  should  be  unstable  and 
why  it  should  undergo  a  rearrangement.  It  is  true  that  the  pair  of  nitrogen 
atoms,  if  separated,  between  them  can  contain  16  valence  electrons  whereas 
they  hold  jointly  only  14  in  the  hydrazine,  but  individually  each  atom 
already  has  its  full  complement  in  the  hydrazine  and  should  be  stable.  In 
the  rearrangement  2  electrons  are  supplied  to  the  nitrogen  by  the  migration 
of  •C«H6  from  a  methyl  carbon  atom  to  one  of  the  nitrogen  atoms  and 
we  ultimately  have  the  separate  nitrogen  atoms  with  the  maximiun  number 
(16)  of  electrons,  but  from  the  valence  theory  alone  it  is  not  at  all  evident 
why  the  separated  nitrogen  atoms  should  represent  a  condition  of  greater 
stability. 

Fixrther,  each  of  the  methyl  carbon  atoms  has  its  octet  of  valence  elec- 
trons both  before  and  after  the  rearrangement  and  it  is  not  at  all  apparent, 
without  further  assumptions,  that  one  of  them  has  actually  been  oxidized 
(lost  electrons)  to  form  a  derivative  of  benzophenone  rather  than  of  tri- 
phenylcarbinol. 

It  is  quite  evident  that  in  these  two  respects  of  fundamental  importance, 
in  showing  the  source  of  the  instability  of  the  hydrazine  and  in  expressing 
the  intramolecular  oxidation  and  reduction  characteristic  of  the  rearrange- 
ment, the  polar  valence  theory  is  unqualifiedly  superior,  in  the  interpre- 
tation of  the  rearrangement,  to  the  non-polar  valence  theory. 

Similar  relations  could  be  used  to  express  the  molecular  rearrangements 
of  other  compotmds  of  this  class,  which  have  been  studied  in  this  laboratory, 
the  halogen-amides,  the  hydroxylamine  derivatives,  jthe  azides,  the  per- 
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oxides,  etc.  The  interpretation  from  the  point  of  view  of  polar  valences 
would  in  every  instance  without  any  specific  assumptions  show  that  the 
cause  of  the  rearrangement  is  to  be  found  in  an  unstable  atom  (Cl"^,  Br'*', 
0-,  etc.)  which  represents  a  fault  and  which  fay  depriving  some  other  atom 
of  electrons  in  order  to  go  over  into  the  stable  forms  (CI",  Br",  O")  brings 
about  as  a  sequel  the  shifting  of  groups.  The  interpretation  with  the  aid 
of  the  non-polar  valence  theory  would  not  reveal  any  fault  in  the  molecules 
and  would  not  express  the  net  restilt  of  oxidation  of  some  atom,  by  reduction 
of  some  other  atom,  which  is  an  experimental  fact  of  importance.  It  will 
not  be  necessary  to  discuss  these  other  rearrangements  in  detail  because 
the  line  of  argument  would  follow  closely  that  used  in  the  above  discussion. 

It  is  evident  that  while  we  can  express  the  f  tmdamental  relations  mecfaan- 
ically  and  arithmetically  in  the  above  reactions  from  the  point  of  view 
either  of  polar  or  of  non-polar  valences  as  found  in  organic  molecules, 
the  question  which  must  interest  us  most  profoundly,  namely,  which  method 
of  expression  represents  better  true  relations,  has  been  answered  un- 
equivocally in  favor  of  the  polar  valence  theory.  In  connection  with 
still  other  fundamental  reactions  of  organic  chemistry,  the  writer  wishes 
to  explain  here,  as  briefly  and  succinctly  as  possible,  why  he  believes  that 
the  polar  valence  theory,  as  used  originally  by  J.  J.  Thomson  and  later  by 
Falk  and  Nelson,  Jones,  Fry,  W.  A.  Noyes,  the  author  himself  and  others, • 
gives  a  better  representation  of  the  facts  of  organic  chemistry  than  the 
non-polar  valence  theory.  It  is  to  be  explicitly  understood,  however, 
that  this  polarity  is  perhaps  of  a  quite  different  order  from  the  extreme 
polarity  of  an  electrolyte  such  as  soditun  chloride."  Wherein  the  difference 
lies  is  a  problem  of  atomistics  and  the  writer  himself  does  not  care  to 
advance  any  theory  as  to  the  difference.  The  insistence  here  is  made  on 
polarity  as  expressing  a  definite  difference  in  electric  charge  between  two 
linked  atoms,  one  behaving  as  a  positive,  the  other  as  a  negative  atom. 

One  will  find  such  evidence  in  favor  of  polarity  in  numberless  reactions 
which  show  the  presence  of  tmquestionable  directing  farces,  which  follow 
quite  naturally  from  the  polar  valence  forces  without  any  further  assump- 
tions whatsoever,  and  for  which  the  non-polar  forces  would  demand  some 
ftuther  specific  interpretative  asstunptions.  One  might  be  inclined  to 
consider  whether  the  reacting  molecules  are  the  polar  ones  in  these  reactions 
— which  tmquestionably  is  the  case — and  whether  the  preponderating 

•  References  are  given  in  Proc.  Nat.  Acad.  Set.,  Ref.  3. 

"  Cf.  Lewis,  Ref.  6.  The  writer's  views  approach  those  of  this  brilliant  author 
except  that  for  the  reasons  given  in  this  article  he  cannot  accept  the  view  of  actual, 
complete  non-polarity,  not  to  speak  of  a  reversal  of  polarity  (c.  g.,  C'*"''"*"*"H"4.  Ref.  6. 
p.  182)  and  would  emphasize  the  polarity  of  organic  compounds,  and  the  value  of  the 
conception  in  organic  chemistry.  In  the  interpretation  of  oxidation  and  reduction, 
the  view  of  completely  polar  structures  has  very  decided  advantages  [See  below,  and 
cf.  Falk  and  Nelson,  This  Journal.  36,  209  (1916)]. 
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mass  of  molecules  are  non-polar  and  inert,  existing  in  equilibrium  with  the 
reacting  polar  molecules  just  as  the  ions,  say,  of  acetic  add  are  in  equi- 
libritun  with  the  large  proportion  of  non-ionized  acetic  acid.  That  is  a 
question  indeed  for  ph3rsical  investigation  and  its  solution  might  bridge 
the  gap  between  the  opposing  views.  The  impressive  fact  remains  that 
most  of  the  reactions  that  follow  always  go  in  only  one  way,  and  never 
in  any  other  (cases  when  the  directive  forces  act  in  two  ways  will  be  ex- 
plicitly discussed).  For  instance,  carbon  dioxide,  for  which  Thomson 
assumes  non-polar  structure,  always  absorbs  reagents  such  as  water,  am- 
monia, metal  alkyls,  etc.,  in  accordance  with  the  well-known  equation. 

0  =  tCtzO  + A+-X  -^  0=tCt-0-+A  (3) 

X- 

the  positive  component,  H"'",  Zn"'"+,  Na"*",  Mg++,  etc.,  invariably  going  to 
the  negative  oxygen,  the  negative  component  X""  invariably  going  to  the 
positive  carbon.  For  a  non-polar  union  O: :  C: :  O  one  would  imagine  that 
the  planes  of  the  orbits  or  positions  of  the  electrons  through  collisions 
with  other  molecules  and  the  vibrations  of  the  atoms,  would  move^^  either 
closer  to  oxygen^  leading  to  the  polar  structure  01$  C$10  (D)  or  closer 
to  the  carbon,  leading  to  0$  I C 1$  O  (E) .  In  fact  the  breakdown  of  carbon 
dioxide  tmder  the  bombardment  of  positive  rays  apparently  according  to 
both  D  and  E,  first  led  Thomson  to  consider  carbon  dioxide  to  be  non- 
polar  and  to  revise  his  earlier  views  of  polar  structiure.  But  the  chemical 
fact  remains  that  all  of  the  absorption  reactions  of  carbon  dioxide  proceed 
strictly  according  to  Equation  3  and  never  by  the  remotest  chance  do  we 
seem  to  get  a  compound  O  =  C— OX  such  as  O  =  C— OCHs,  or  O  =  C— OCH| 

A  Na  H 

a  formate,  by  the  action  of  sodium  methide  or  zinc  methide"  on  carbon 
dioxide.  The  formates  are  quite  stable  compounds  and  are  obtained 
easily  by  absorption  reactions  of  carbon  monoxide  through  the  latent 
valences  of  the  bivalent  carbon  atom. 

The  same  one-sided  absorption  is  always  shown  by  all  >  C$  ZO,  >  CJ  IS, 
>  Ct  IN"  etc.  derivatives  (aldehydes,  ketones,  esters,  etc.)  unless  we  de- 
liberately first  reduce  the  carbon  atoms  to  the  corresponding  alcohols  etc., 
by  means  of  electrons  from  nascent  hydrogen  or  some  metal,  from  an  electric 
current  or  some  similar  source. 

Absorption  by  Olefins^' 

An  illuminating  behavior,  in  connection  with  the  problem  of  polar 
versus  non-polar  valences,  is  shown  in  the  absorption  relations  of  such  an ' 

"  Cf.  Lewis,  Ref.  6,  p.  782. 

"  Stieglitz,  "Qualitative  Analysis,"  Century  Co.,  1912,  Vol.  I,  p.  177.  L.  W.  Jones, 
Ref.  3,  p.  420. 

^*  The  views  here  presented  were  expressed  by  the  author  in  addresses  given  at 
Johns  Hopkins  University  and  as  retiring  Vice-President  of  the  Chemistry  Division  of 
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olefin  as  propylene.  It  behaves  exactly  as  if  by  far  the  greater  proportion 
of  propylene  or  the  by  far  more  active  part^*  has  the  definite  polar  structure 

H        H 
HaC-CJ  =  CH       [A]    (only  the  essential  valences  are  indicated),  per- 
haps in  equilibrium^  with  a  small  fraction,  or  a  sluggishly  reacting  fraction, 

H     H  H     H 

of  the  electromeric substance  CH3C=1:CH[B]  or  H3C.C+  +CH  [C].  The 
absorption  of  acids  like  hydrogen  chloride,  hydrogen  bromide,  etc.,  leads 
almost  (but  not  quite^*)  exclusively  to  iso-propyl  derivatives  such  as 
(CH3)2CHCl;^*  the  absorption  of  h3rpoclilorous  acid,  HOCl,  on  the  other 
hand,  carries  the  positive  chlorine**  to  the  outside  carbon  atom,  and 
CH3CHOHCH2CI  is  formed.*^  Similar  relations  hold  for  the  absorption 
by  cinnamic  add,  which  lead  to  the  formula  C«H6*HCt*CH.COOH. 

The  small  quantity  of  normal  propyl  chloride  CH8CH2CH2CI  observed  by 
Michael  is  best  understood  as  indicating  the  presence  of  a  small  proportion 
of  the  electromer  B,  or  possibly  even  C,  as  there  is  not  the  slightest  indi- 
cation of  any  electromeric  equilibrium  H+C1~  -^±-  H"C1+.  On  the  other 
hand,  for  such  compounds  as  bromine  chloride,  bromine  iodide,  etc.,  we 
have  every  reason  to  consider  that  we  must  have  equilibria,  such  as  be- 
tween bromine  chloride  and  chlorine  bromide  Br+Cl"  .^±1  Cl+Br  ~  (as  well 
as  Br:  CI)  since  both  halogeus  have  a  very  strong  aflSnity  for  electrons, 
which  must  lead  to  an  equilibrium  condition.**  As  a  matter  of  fact,  we  do 
get  notable  mixtures  of  such  isomers  as  CIl3CHCl.CH2Br  and  CHsCHBr.- 
CH2CI  in  such  fair  proportions  as  would  be  favored  by  the  above  equi- 
librium relation,** 

the  American  Association  for  the  Advancement  of  Science  at  Pittsburgh  in  1917.  Since 
then  E.  J.  Cuy  has  published  an  excellent  discussion  of  electron  valences  in  carbon 
chains,  which  includes  some  of  these  relations  [Tms  Journal,  42,  503  (1920)  ].  Nelson 
and  Falk  discussed  the  same  in  1910  {ibid.,  32,  164)  but  the  present  writer's  conclu- 
sions differ  in  some  essential  respects  from  those  of  these  authors. 

^^  There  are  of  coiu^e,  always  two  kinds  of  factors  involved  in  the  formatiou  of 
definite  products,  mass  action  and  velocity  coefficients  of  reaction. 

>■  The  observation  that  a  little  propyl  chloride  is  formed  in^the  absorption  of  hydro- 
gen chloride  is  the  basis  of  this  conclusion.  See  A.  Michael,  X  prakt.  Chem.,  60,  286, 
409  (1899)  and  Falk  and  Nelson,  Ref.  13. 

"  Stieglitz,  This  Journai,,  23,  796  (1901). 

"  When  CI"*"  and  Br"*"  enter  into  combination  with  C",  the  combination  is  commonly 
followed  by  intramolecular  oxidation  and  reduction  to  C+Cl",  C'*"Br".  Positive 
iodine  has  been  recognized  by  Jones  in  one  of  the  4  iodine  atoms  in  carbon  tetra-iodide  and 
Howell  and  Noyes  [This  Journal,  42,  99  (1920)  ]  have  foimd  it  in  iodo-acetylene.  Fry. 
[ibid,,  38,  1328  (1916)]  and  Nicolet  [ibid.,  43,  2081  (1921)1  have  found  evidence  of 
positive  halogen  in  certain  benzene  derivatives. 

1*  Cf.  Lewis,  Ref.  6.  Experimental  work  in  the  study  of  these  equilibria  has  been 
started  by  A.  T.  McPherson  in  this  laboratory. 

"  Michael,  Ref.  15.  Falk  and  Nelson  seem  to  give  propylene  the  structure  [C]  as 
the  preferable  structure  on  the  basis  of  the  character  of  these  absorption  products 
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The  relatively  inert  element  carbon  seems  to  have  no  such  outweighing 
preference  either  for  negative  charges  (gain  of  electrons)  as  exists  for  chlor- 
ine and  bromine  or  for  positive  charges  (loss  of  electrons)  as  exhibited  by 
metalSi  or  sulfur  and  phosphorus,  etc.  Consequently  it  is  to  be  considered 
that  particular  conditions,  such  as  the  presence  of  specific  catalysts, 
may  cause  a  shift  of  the  valence  electrons  between  carbon  atoms  (oxidation 
and  reduction)  and  lead  to  derivatives  of  electromers,  since  we  must  con- 
clude that  such  molecules  will  be  rather  sensitive  to  the  net  efifect  of  the 
forces  in  the  whole  molecule,  far  more  so  than  is  the  case  with  such  extreme 
atoms  as  chlorine,  bromine,  sulfiu",  phosphorus,  etc.  Emphasis  should 
be  placed  in  a  study  of  this  character  rather  on  simple,  direct  actions  taking 
place  under  ordinary  conditions. 

The  Crum  Brown-Gibson  Rule  and  the  Structure  of  Benzene*^ 

In  the  Crum  Brown-Gibson^^  rule  of  substitution  in  the  formation  of 
benzene  derivatives  we  have  further  most  important  evidence  of  the  ex- 
istence of  powerful  directing  forces  in  organic  compotmds,  which  result 
in  the  ready  formation  of  definite  derivatives  and  automatically  prevent 
the  formation  of  isomers.  Thus,  as  is  well  known,  phenol  reacts  in  the 
ortho-orthO'para  positions,  and  nitrobenzene,  benzoic  acid,  etc.,  in  the  tneta 
positions.  To  Fry**  belongs  the  credit  of  the  first  attempt  to  explain  these 
relations  with  the  aid  of  definite  concepts  of  the  electron  theory  of  valence. 
But  Fry's  interpretation  involves  the  assumption  of  the  presence  of  nega- 

tive  hydrogen  atoms  in  benzene,  as  expressed  in  the  formula 

H+ 

It  is  further  assumed  that  only  the  positive  hydrogen  atoms  react  with  such 
reagents  as  chlorine  (C1"C1+),  bromine,  nitric  acid,  etc.  Now,  a  negative 
hydrogen  atom  must  be  a  powerful  reducing  atom,  since  without  question 
the  most  stable  form  of  hydrogen  is  H"^,  and  indeed  metallic  hydrides 
Na+H",  Ca+(H~)2,  etc.,  whose  electrical  structure  follows  from  their 
ready  hydrolysis  to  metallic  hydroxide  and  hydrogen,*^  easily  catch  fire  in 

(Ref.  13,  p.  1643).  If  that  were  the  structure,  hydrogen  chloride  and  hjrpochlorous  acid 
should  yield  large  proportions  of  the  isomeric  absorption  products.    Such  is  not  the  case. 

**  This  part  of  the  report  was  presented  before  the  Chemistry  Division  of  the 
Pacific  Coast  Division  of  the  American  Association  for  the  Advancement  of  Science 
at  Berkeley,  on  August  5,  1921.  See  also  Kharasch  and  Chalkley,  This  Journal,  43, 
608  (1921). 

"  /.  Chem.  Soc,  61,  366  (1892). 

"  Fry,  Z.  physik.  Chem.,  76,  385  (1911).  Presented  before  the  Cincinnati  Section 
of  the  American  Chemical  Society  in  January,  1908. 

*'  Lewis  and  Bardwell  have  confirmed  this  cpnclusipp  by  th^  ^^ctrolysis  of  sodium 
bydrid?  (private  cpmmupicatiow). 
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the  air  as  a  result  of  the  tendency  of  H""  to  transfer  its  extra  electrons  to  the 
oxygen  of  the  atmosphere.  No  doubt  the  ionization  of  metallic  hydrides 
brings  out  the  maximum  reducing  power  of  negative  hydrogen,  but  it  would 
be  illogical  to  consider  that  we  have  negative  hydrogen  in  benzene  without  a 
trace  of  evidence  of  its  presence,^*  shown  in  reducing  power  or  instability. 
Benzene  is  eminently  resistant  to  oxidation  and  extraordinarily  staUe. 
Furthermore,  in  the  reaction  of  chlorine  on  benzene  derivatives  we  arc 
asked  to  believe  that  the  reactive  positive  chlorine  atoms,  with  an  ex- 
traordinary tendency  to  absorb  electrons,  do  not  react  with  the  negative 
hydrogen  atoms,  with  their  great  tendency  to  release  their  extra  electrons, 
for  Fry's  theory  formulates  the  reaction  between  chlorine  and  phenol,  for 
instance,  as  proceeding  in  the  following  way  in  order  to  account  for  the 
substitution  in  ortho-ortho-para  positions: 

Oh  oh 


H+  C1  + 


3H+CI- 


Finally,  we  have  as  yet  no  competent  evidence  of  negative  hydrogen  at- 
tached to  carbon  in  any  other  type  of  organic  compound. 

There  is,  however,  an  electrical  basis  for  the  Brown-Oibson  rule  of 
substitution  which  may  be  developed  by  the  application  to  benzene  de- 
rivatives of  facts  determined  experimentally  in  the  simple  field  of  the 
aliphatic  series  of  organic  compounds  and  without  a  single  ad  hoc  or  specifi- 
cally new  assumption.  The  development  of  this  interpretation**  may  well 
start  with  a  consideration  of  the  behavior  of  phenols.  Phenols  are  in  every 
respect  the  aromatic  analogs  of  aceto-acetic  ester:**  they  form  the  same 
type  of  deeply  colored  ferric  salts;  they  form  enol-keto  tautomers,  as  is 
most  clearly  illustrated  by  the  behavior  of  phloroglucinol 


OH 

Ah 


H 


HO\/OH 
H 


H/f     |\h 

0<><>0 
H    H 


**  Comparable  with  the  ready  evidence  of  the  presence  of  positive  chlorine,  bromine, 
iodine,  etc.  (see  below). 

«»  Cf.  Falk  and  Nelson,  School  of  Mines  Quarterly,  30,  187  (1909).  This  Jousnal. 
32, 1644  (1910),  33, 1160  (1911) ;  etc.  See  also  VorlSnder.  Ber.,  52,  2eJ3  (1919).  Khar- 
asch,  Ref.  20. 

*•  K.  Meyer,  Ann.,  398,  51,  80  (1913).  Meyer's  views  do  not  include  any  coo- 
siderations  of  electrical  valence  forces. 
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about  whose  structtire  as  a  triphenol  or  triketone  the  usual  controversy  is 
to  be  found  in  the  literattu^,  resulting  from  the  tautomeric  behavior  of  the 
compound.  For  instance,  phlorogludnol  is  soluble  in  alkali  and  forms 
ethers  and  esters — ^phenol  characteristics — and  it  also  forms  a  tri-oxime, 
a  ketonic  reaction.  The  alkali  salts  of  phlorogludnol  as  well  as  of  re- 
sorcinol  when  treated  with  ethyl  iodide  may  be  alkylated  in  such  a  way  as 
to  give  (C2H5)iC— C  =  O  derivatives,  «^  the  alkylation  affecting  the  — CH,— 
group  between  the  carbonyl  groups  in  the  way  that  is  so  well  known  for  the 
alkylation  of  aceto-acetic  ester. 

A  minor  point  of  difference  between  phenol  and  aceto-acetic  ester  is  that 
it  no  doubt  forms  para  as  well  as  ortho  tautomeric  ketones,  exactly  as 
oxypyridine  is  known  to  form  the  pyridone  tautomer, 

OH  O 


H 


; 


\ 


H 


N 
We  have  then  for  phenol  the  system*' 


X 

H      H 
III 


II 


in  which  Structure  I  presumably  is  by  far  the  most  stable. 

Now,  the  formation  of  ketonic  tautomers  by  phenol,  resorcinol,  phloro- 
gludnol, etc.,  means  that  the  C  =  0  group  has  the  electronic  structure 
C  t  -  O  as  in  all  ketones,  and  that  consequently  the  end  of  one  of  the  double 
bonds  of  Formula  I  attached  to  the  C— OH  carbon  atom  is  positive.  The 
very  fact  of  tautomerism  rests  in  the  equilibrium  between  the  electrical 
forces 

H+  H-^^ 

— C+  IC-  —  :^  — Ct  IC-— 
+H 


++ 

-o- 


-0-+H 


Further,  there  is  a  well-known  noteworthy  tendency  of  all  atoms  to 
become  either  wholly  negative  or  wholly  positive,  intermediate  forms  being 
relatively  unstable  and  tending  to  revert  to  the  extremes.  This  is  shown 
by  such  well-known  reactions  as  the  simultaneous  formation  of  chlorides 
Me+Cl-  and   chlorates   Me+-0~Clt+*"02"   and  perchlorates  Me^-Q"- 

"  Herzig  and  Zeisel.  Monaish.,  9»  217.  882  (1888);  11, 291  (1890). 

*  See  below  in  regard  to  the  oscillation  of  the  double  bond  and  the  centric  system. 
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CI  "^^ttt  Oa*"  from  hypochlorites  Me  +0  "CI + ;  of  sulfides  and  sulfates  from  sul- 
fites, etc.,  all  through  intermolecular  oxidation  and  reduction,  i.  e.,  migra- 
tion of  electrons.  These  relations  are  of  course  in  perfect  harmony  with 
the  fundamental  conceptions  of  Thomson,  Lewis,  Langmuir,  and  others  in 
regard  to  the  stability  of  the  atoms  provided  with  8  electrons  in  their  val- 
ence "shell."  We  can  conclude,  therefore,  exactly  as  in  the  case  of  propy- 
lene, that  both  in  acetoacetic  ester  and  in  phenol  both  of  the  bonds  in  the 
double  bond  of  the  enol  are  positive  at  the  C — OH  ends.  Since  in  phenol 
the  double  bond  oscillates  (K^kul^,  and  confirmed  by  Fry),  we  have  all  four 
valences  of  the  C — OH  carbon  atom  as  positive  valences.  The  symmetry 
of  the  benzene  nucleus  having  been  amply  demonstrated  experimentally, 
we  thus  have  for  phenol 

-0-H  + 


H+— rCr       zCr— H+ 

H+-;C1:       tCT-H+ 


(IV). 


H-l 


It  is  to  be  distinctly  understood  that  we  have  oscillations  of  the  double 
bonds  from  side  to  side  and  that  consequently  the  centric  structure  repre- 
sents an  intermediate  position  of  the  unsaturated  valences.**    For  all  we 


//trc- 


TTH'' 


+ 


•CS-H' 


"-.<    T    >ct-H^ 


(V 


know,  this  may  represent  the  structure  of  by  far  the  largest  proportion  of 
the  molecules  of  a  benzene  derivative — but  the  chemically  active  molecules 
have  the  structure  IV. 

We  are  now  prepared  to  understand  why  phenol  gives  substitution  de- 
rivatives of  the  orihO'OrthO'para  series. 

Kurt  Meyer'®  in  an  excellent  extended  investigation  has  proved  that 
bromination  of  aceto-acetic  ester  proceeds  quantitatively  by  absorption 
of  bromine  by  the  enol  double  bond,  foUowed^by  the  loss  of  hydrobromic 
»  See  esi)ecially  the  discussion  of  H.  S.  Fry,  Ref .  22/on  this  point. 
»  Meyer,  Ann.,  380,  212  (1911);  5(fr.,  44, 27X8  (19U).  etc. 
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acid  to  form  a  ketone  (not  directly  a  brominated  enol).    We  may  now 
express  his  results  by  using  the  electron  valence  structures,**  as 
H+ 

I  H  + 

— +Ct  =  1C-—  +  Br-Br+  — ^  — +Ct— ZC"— 

I  y\    I 

-0-H+  H+-0-    Br-Br+ 

H+  Br- 

I  I 

—  +Ct— +C-  +  H+Br-  :^  — +Ct  =  ZC+—  . 

II  I  I 

-O-      Br-  -0-H+ 

We  may  apply  this  proved  course  of  the  reaction  for  aceto-acetic  ester 
without  change'*  to  the  bromination  of  phenol :" 
-0-H+  H+-0-  Br- 

HC  =CI-H+    ,    B,_B  .  _^  HC  =CZ< 

II  I  +  Br  Br     —►      I,  ,     \jj+    -*■ 

HC  CH  HC  CH 

\c^  \c^ 

H  H 

-O-  -0-H+ 

J'-H  +U 

/+^\      /Br-  /+^\ 


\h+ 


H+Br-  +  HC  C^<  ^HC  C+Br- 


HC  CH  HC  CH 

H  H 

The  second  ortho  position  is  brominated  in  exactly  the  same  way. 

For  the  para  reactivity,  we  have  to  apply  the  facts  discovered  by  Baeyer 
and  Thiele  which  have  been  summarized  in  Thiele's  theory  of  "conjugated 
double  bonds"  but  which  need  no  specific  assumptions  as  to  a  special  kind 
of  double  bond  to  understand  their  behavior.'*  The  fact  is  simply  that  a 
pair  of  double  bonds  as  in 

+H  H+        H+        H+" 

11  11 

— -Cz     |C+     rcr     tc-  — 

12  3  4 

"  Subsequently  through  intramolecular  oxidation  and  reduction  the  bromine  be- 
comes negative  and  we  have  as  usual  C  '''Br~. 

»'  Meyer,  Ann.,  398,  51  (1913). 

"  Only  the  essential  changes  are  indicated  to  save  printing. 

**  a.  Falk  and  Nelson,  Ref.  13.  p.  1650. 
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is  known  to  absorb  hydrogen,  halogen  etc.,  at  atoms  1  and  4  and  not  at  1 
and  2,  or  3  and  4.  Now,  in  phenol  (IV)  we  have  such  "conjugated"  double 
bonds  and  bromine  would  accordingly  be  added  in  positions  1  and  4  to 
form*' 


H+-0-  Br- 

-o- 

-0-H+ 

\/ 

II 

1 

/tCt\ 

A^\ 

ytct^ 

HC            CH 

HC            CH 

HC            CH 

1              II     -*■ 

H+Br- 

+ 

II             1 

-;^ 

1              1 

HC            CH 

HC            CH 

HC            CH 

Vcr^ 

Vc,/ 

Vc,^ 

/\ 

/\ 

1 

H+  Br+ 

H+  Br- 

Br- 

Again,  by  loss  of  hydrogen  bromide  a  ketone  {para)  is  first  formed,  which 
reverts  to  the  normal  tautomeric  enol,  ^ara-bromophenol  (See  I  and  III 
p.1301). 

Similarly,  in  the  nitration  of  phenol,  we  have  absorption  of  HO""  (or 
an  equivalent  anion)  and+Ntt(0")2  at  Positions  1  and  2,  or  1  and  4, 
respectively,  ortho-  and  ^ara-nitrophenol  resulting.  Nitric  acid  acts  here 
characteristically  through  its  basic  ionization,**  a  view  which  is  well  con- 
firmed by  the  use  of  cone,  nitric  acid,  fuming  nitric  acid,  and  cone,  sulfuric 
acid  with  nitric  acid  as  the  best  nitrating  reagents. 

The  important  feature  in  the  above  formulation  is  to  be  found  in  the 
forces  which  lead  to  the  location  of  the  negative  ends  of  the  double  bonds  in 
the  ring,  to  which  the  substituting  positive  atoms  (CI"*",  Br+,  ^NOj,  etc.) 
ultimately  go.  Whether  simultaneous  additions  of  both  components  of  an 
absorbed  molecule  (C1""*"C1,  H0~"*'N02,  etc.)  to  the  unsaturated  carbon 
valences  must  always  occur  is  doubtful  and  in  fact  unlikely,  and  whether 
the  essential  feature  is  not  the  attraction  of  the  positive  substituting 
group  to  the  negative  carbon  valences  irrespective  of  complete  saturation 
is  a  question  which  will  be  subjected  to  further  critical  work  in  this  labora- 
tory. Kurt  Meyer**  to  whom  we  owe  the  most  profound  experimental  and 
theoretical  work  on  this  type  of  substitution  has.  already  uncovered  at 
least  one  important  instance  where  complete  saturation,  as  it  is  formulated 
above,  must  occur.  This  is  in  the  action  of  nitrous  acid  on  the  methyl  ether 
of  phenol,  /?ara-nitrosophenol  being  produced  and  the  methoxyl  group 
lost,  according  to 

H.C«H4.0CH,  +  HO.  NO  — ►        >C«H<  — ►        >CJl4:0  -f  HOCH, 

on/       \oh         on/  I 

ON— C.H4OH 


»  Cf.  Stieglitz,  Ref.  12,  pp.  288-9. 
»  Ref.  32.  p.  80. 
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To  what  extent  similar  displacement  of  the  original  substituting  group 
in  benzene  derivatives  CeHsX  takes  place  on  further  substitution,  which 
addition  to  the  positive  and  negative  imsaturated  valences  obviously  makes 
possible,  is  not  well  known  and  will  be  studied  in  this  Laboratory. 

The  Crum  Brown-Gibson  rule  of  substitution  for  phenols,  favoring 
orthO'OrthO'para  substitution,  rests  therefore  on  the  electric  structure,  IV, 
of  phenol  which  is  here  recognized  as  the  favored  one  because  the  negative 
substituting  group,  ""0",  develops  two  positive  charges  on  the  carbon  atom 
holding  it  and  these  in  turn  favor  complete  positive  character  of  the  carbon 
atom  in  question,  in  conformity  with  the  universal  tendency  of  a  charged 
atom  to  be  positive  or  negative,  a  consequence  of  the  structural  relations  of 
the  atoms. 

The  other  benzene  derivatives  CeHsX  in  which  ortho-ortho-para  sub- 
stitution is  favored,  all  have  a  negative  X,  as  NH2,  Cl,  Br,  etc.,  which  has, 
of  course,  the  same  effect  as  OH. 

As  to  the  second  group  of  benzene  derivatives  CeHsY  in  which  the  forma- 
tion of  meta-meta  derivatives  occurs,  we  can  obtain  a  similar  electron 
valence  basis  for  the  rule  by  a  study  of  nitrobenzene  and  its  derivatives. 
From  nitric  acid  H+~0~+N+^(0"")2  we  obtain  the  positive  nitro  group 
+Nt+(0")2.  In  accordance  with  this  structure  we  have  the  well-known 
nitro-nitronic  acid  type  of  tautomerism,  established  by  Hantzsch  for 
phenylnitromethane  and  for  nitrophenol,  which  we  would  express  electron- 
ically for  instance  in 

+H  H+ 

C«H6— -CI  +Nt         -^—  CeHft— -CiJnT 

I  +  10  ^  -0-H+ 

H  + 

The  analogous  structure  for  para-nitrophenol  is  self-evident.  It  is  clear 
from  the  nitronic  acid  formation  that  a  nitro  group  favors  the  formation  of 
negative  carbon,  exactly  as  oxygen,  chlorine,  etc.,  favor  positive  carbon. 
We  have  then  as  tlie  stable  form'^  of  nitrobenzene  and  similar  derivatives. 

H+— ict      tci— H+ 

II       I 

H+— ICI       iCr— H+ 


Vci^ 


I 

+H 


"  The  centric  structure  as  given  above  is  one  of  the  modifications  (tautomers) 
of  this  electronic  structure  and  perhaps  its  most  stable  but  least  reactive  one. 
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We  can  easUy  see  that  in  further  nitration,  m^to-dinitrobenzene  would  be 
the  favored  isomer^'  formed. 

+NO2  NO2 

HC  iCt— H+  HC  CH 

II  I    /+NO2  -^  H2O  +       II  I 

HC       rci<;  HC       zci— NO, 

Vcj/  \h^  Vcj^ 

/\  I 

+H  -0-H+  H+ 

In  the  same  way  1,3,5-trinitro-benzene  would  be  formed.  In  the  other 
benzene  derivatives  C^HsY  favoring  tneta  substitution,  Y  is  similarly  a 
positive  radical  as  found  for  +NO2. 

In  view  of  the  character  of  the  electrical  forces  involved,  it  should  not 
be  at  all  surprising  that  in  more  complex  benzene  derivatives  we  often  have 
competing  opposing  forces  of  approximately  similar  orders  of  strength, 
and  that  mixtures  of  isomers  result — as  they  always  should  when  we  deal 
with  opposing  forces  of  closely  related  orders  of  intensity:  the  well-known 
equilibrium  between  an  organic  acid  and  an  alcohol,  an  ester  and  water  is  an 
instance  of  this  kind,  where  the  opposing  forces  are  clearly  of  the  same  order 
and  we  can  easily  get  in  quantity  derivatives  either  of  the  acid  or  ester,  the 
alcohol  or  water.  It  is  thought,  therefore,  that  the  true  basis  of  the  study 
of  the  rule  of  substitution  from  the  point  of  view  of  the  electronic  structure 
of  benzene  is  best  found  in  the  simplest  derivatives  of  benzene.  Once 
the  structiu'e  is  established,  the  more  complex  experimental  results  ob- 
tained for  more  complex  derivatives  should  be  used  to  throw  light  on  the 
equilibrium  relations  involved. 

Negative  and  Positive  Halogen  Atoms  in  Organic  Compounds 

Emphasis  should  be  placed  here  again  on  the  experimental  relations  for 
organic  halogen  derivatives,  which  were  discussed  by  the  author  in  a  pre- 
vious article.^*  In  the  alkyl  halides,  such  as  ethyl  chloride,  ethyl  bromide 
and  ethyl  iodide  we  have  (non-ionizing)  compounds  which  react  uniformly 

H 
in  accordance  with  the  structure  RC+X~;  with  water  and  alkalies,  ammonia 

H 
and  amines,  sulfides,  alcoholates,  we  invariably  have  the  negative  X  re- 
placed by  another  negative  atom  as  in  OH,  NH2,  NHR,  OR,  etc.     We  never 

'^  Only  the  essential  changes  are  indicated ;  the  others  are  given  in  preceding 
formulas.  In  place  of  OH~  an  equivalent  anion,  e.  g.,  ONOj",  may  be  absorbed  and 
split  off  again,  e.  g.,  as  HNOj. 

«•  Proc.  Nat.  Acad.  Sci.,  Ref.  3. 
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by  any  mischance  get  compounds  XOH,  XNH2,  XNHR,  XOR.  Jones  has 
shown  that  in  carbon  tetra-iodide  we  have  indeed  one  positive  iodine  atom, 
(I~)3  tC""!"'",  which  easily  reveals  itself  by  forming  HOI  with  water  and 
by  the  ease  with  which  carbon  tetra-iodide  is  reduced  to  iodoform.  The 
uniformly  negative  behavior  of  the  halogen  in  alkyl  halides  RHjC+X" 
represents,  therefore,  as  definite  a  guiding  force  in  reactions  as  do  the  uni- 
form charges  on  ionizable  atoms  in  salts,  acids  and  bases;  and  still  alkyl 
halides  are  not  ionizable,  or  are  so  slightly  that  one  could  not  consider  them 
electrolytes.  Yet  they  show  this  concrete,  specific  behavior  of  polar 
charges — ^which  proves  that  ionization  and  conductivity  are  not  categorical 
tests  for  polar  valence. 

On  the  other  hand,  the  acyl  halogen  amides  of  Hofman,  the  triaryl- 
methylhalogen  amines  of  the  writer  and  his  collaborators,  behave  in 
minute  accordance  with  the  electrical  structure  RCO.HN~(Hal''")  and 
(Aryl)3C.HN"(Hal''") ;  hydrolysis  forms  HOHal"*",  reduction  with  hydrogen 
iodide  forms  free  iodine  and  the  amides  RCONH2  and  (Aryl)3CNH2. 
Hydroxylamine  derivatives  RCONHOH  or  RCONHOR,  and  (AryOa- 
CNHOH  or  (AryOaCNHOR,  are 'not  formed  by  hydrolysis,  by  treatment 
with  alkali,  alcohol  or  alcoholates.*®  The  molecular  rearrangements  of 
these  compoimds  find  the  most  logical  explanation  in  the  presence  of 
unstable  position  halogon  atoms  as  * 'faults"  in  the  molecule.*^  One  cannot 
escape  the  fact  that  the  polar  structure  expresses  pointedly  and  succinctly 
the  whole  chemical  behavior  of  these  compounds.  In  exchange  for  this 
clean-cut,  precise  expression  of  the  behavior  of  whole  groups  of  compounds, 
one  would  have  to  assume  ad  hoc  supposititious  ''tendencies"  and  give  up 
every  advantage  of  modem  knowledge  of  valence  over  the  old  theory  of 
structure  and  bonds. 

Hydroxylamine  Derivatives 

The  electrical  structure  of  hydroxylamine*^  and  its  derivatives,  (H+)2"N  " 
■'"0~H+  etc.,  again  expresses  perfectly  the  actual  behavior  of  hydroxylamine 
and  its  derivatives.  It  forms  salts  exactly  comparable  with  salts  of  ammonia 
with  the  analogous  structure  H+sN";  its  positive  hydroxyl  group  is  not  di- 
rectly replaceable  by  Cl,  Br,  etc.,  as  is  the  case  for  the  hydroxyl  group  of 
bases,  of  alcohols  (which  are  not  bases  but  form  oxonium  salts*^)  of  acids,  etc. 
The  positive  hydroxyl  group  in  hydroxylamines  gives  it  oxidizing  power,  and 
represents  a  "fault"  in  the  molecule  of  organic  derivatives  of  hydroxyla- 
mine*2  which  leads  to  their  well-known  rearrangement.  Hydroxylamine 
has  also  reducing  power  in  common  with  similar  unstable  molecules  such  as 
hydrogen  peroxide,  hypochlorous  acid,  hydrazinies,  etc.     Most  important  of 

*»  Lengfeld  and  Stieglitz,  Am.  Chem,  /.,  15,  215,  604  (1893). 

*^  Stieglitz  and  collaborators,  Ref .  3. 

«  Stieglitz,  Tms  Journal,  36,  272  (1914),  and  Jones,  ibid.,  36,  1268  (1914). 

*'  Their  behavior  is  often  misrepresented  as  that  of  hydroxide  bases. 
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all,  the  polar  structure  explains  in  a  most  beautiful  fashion  the  occurrence 
as  well  as  the  chemical  behavior  of  the  isomeric  derivatives  discovered  by 
Meisenheim  and  interpreted  brilliantly  by  Jones.**  It  is  true  Michael*'  has 
attacked  the  interpretation  of  Jones  and  the  writer's  support  of  this  inter- 
pretation but  in  doing  so  Michael  has  been  obliged  to  make  such  extraordi- 
nary and  impossible  ad  hoc  valence  assimiptions  that  the  writer  has  ^en 
quite  content  to  rest  the  case  and  leave  to  critical  chemists  and  the  future 
the  decision  between  the  clean-cut,  all  inclusive  presentation  of  Jones  on 
the  basis  of  polar  valence,  and  the  assumptions  of  his  opponent. 

The  Structure  of  Acids.    Oxidation  and  Reduction** 

The  whole  behavior  of  organic  acids  and  their  derivatives  is  very  accord- 
ingly understood  on  the  basis  of  the  electronic  structure  RC$-o-h*- 

Thus,  the  enol-tautomerism,  e.  g.,  RC  =  C<f^„    favoring   chlorination 

in  the  a  position,  the  absorption  reactions  of  the  C+  =  0  group  (water, 
alcohols,  sodium  alcoholates,  ammonia,  magnesium  alkylhalides,  etc.) 
which  diflferentiate  the  action  of  esters  as  compared  with  ethers  R-O-R, 
are  instances  of  this  kind. 

The  structure  also  follows  from  the  fact  that  electrical  currents  (a  flow 
of  electrons)  can  be  obtained  by  oxidation  cells  in  which  alcohols  or  alde- 
hydes are  the  sources  from  which  electrons  for  the  current  are  obtained,*^ 
producing  acids.    For  instance,** 

©CJZO  — >  H+®CtlO  +  2  (e)  -f  H+ 
H+ 
is  the  essential  step  in  the  oxidation  of  formaldehyde  to  formic  acid. 
The  other  steps  (union  with  "OH)  are  sequels. 

Nevertheless,  in  recent  years  we  have  again  and  again  proposals  from  the 
eminent  leaders  in  the  field  of  chemical  atomistics,  such  as  J.  J.  Thomson,** 
the  founder  of  oiu*  modem  school  of  thought,  G.  N.  Lewis,  Langmuir,  etc., 
to  the  effect  that  acids  have  a  non-polar  structure  to  the  extent  that  sulfur 

**  Ref.  42,  p.  1284. 

«  Michael,  This  Journal,  42,  1232  (1920). 

*«  This  part  of  the  present  report  was  presented  before  the  Chicago  Section  of  the 
American  Chemical  Society  in  May,  1921.  Cf.  Chapters  xiv  and  xv,  in  Vol.  I  of  the 
author's  "Qualitative  analysis,"  Century,  Co.,  1912. 

«  Stieglitz,  Science,  27,  774  (1908). 

«  The  point  where  the  electrons  escape  is  indicated  by  ©.     Cf.  Stieglitz,  Ref. 

+ 
47  in  regard  to  the  intermediate  formation  of  H+'C+'OH  which  is  the  real  tautomer 

losing  electrons  where  they  are  free  to  escape  (exactly  as  in  the  case  of  ions  such  as 
I-  S=  Fe++.  etc.). 
<•  Ref.  2. 
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in  sulfuric  add,  phosphorus  m  phosphoric  add,  etc.,  are  bound  to  oxygen 
in  a  non-polar  fashion.'®  Indeed,  in  this  the  difference  in  the  ionization 
of  adds  and  bases  is  sought.*' 

Now,  there  are  two  fundamental  sets  of  experimental  facts  of  record 
which  should  be  kept  in  mind  in  this  connection,  besides  the  above  exposi- 
tion of  the  polarity  of  organic  adds.  The  first  of  these  is  Faraday's 
observation'*  that  dectrolysis  of  very  concentrated  sulfiuic  add  deposits 
sulfur  at  the  negative  pole.  Helmholtz  very  properly  considers  that  con- 
clusive evidence  of  the  positive  character  of  the  sulfiu*  in  sulfiuic  add'* 
and  we  would  give  it  in  accordance  with  his  own  clearly  expressed  views 
the  structure 


H+-0-+ot:0 
H+-0-+^fcO' 


The  deposition  of  sulfur  at  the  negative  pole  is  another  beautiful  illustration 
of  the  power  of  hcLsic  ionization'*  of  even  our  strongest  oxygen  adds.  This 
would  be  favored  in  concentrated  add  solution.  Presumably  there  is  sufB- 
dent  ionized  sulfur  sulfate"  S  j  j  (SO  "4)a  formed  to  make  the  formation 
of  sulfur  in  Faraday's  experiment  a  perfectly  normal  action.  The  oxidizing 
power  of  cone,  sulfuric  (and  nitric)  adds  as  against  the  much  lower  oxi- 
dizing power  of  the  dilute  adds  is  fiu*ther  evidence  of  polarity  because  it  is 
essentially  the  exposed  (ionized)* positive, charges  of  atoms  which  absorb 
electrons  (oxidize)  in  intermolecular  oxidation  and  reduction,  as  shown  by 
oxidation  and  reduction  potential  studies. 

The  second  experimental  set  of  facts  to  which  attention  shotild  be  called 
in  connection  with  the  problem  under  discussion  is  found  in  the  extremely 
interesting  studies  of  Bird  and  Diggs'*  on  the  formation  of  oxidation-reduc- 
tion cells  with  white  phosphorus.  Not  only  does  phosphorus  produce  a  cur- 
rent (give  up  its  electrons)  exactly  as  any  metal  that  is  well  known  to  form 
a  current  by  the  discharge  of  electrons  from  its  atoms  {e.  g.,  Zn  — >*  Zn+"*" 
+  2  0)  but  the  potential  is  subject  to  the  very  equilibrium  conditions 
which  follow  from  the  polar  conception  of  phosphoric  acid.       We  have 

P:;^P+++++  +  5  0 

and  P+++++  +  5o  K-^±,  0  =  tP+  (-0-H+),  +  HjO 

It  is  evident  that  added  ^dd,  through  the  suppression  of  hydroxide  ion 
should  favor  the  presence  of  P1+V"  in  solution  and  consequently  reduce  the 
potential,  exactly  as  the  presence  of  Cu"*""*"  in  solution  reduces  the  solution- 
tension  potential  of  copper.    On  the  other  hand,  added  alkali  should  sup- 

••  Cf .  Lewis,  Ref.  6,  p.  778. 

"  Cf .  Helmholtz,  Faraday  Lecture,  /.  Chem.  Soc.,  39, 277  (1881) ;  see  p.  290. 

"  StiegUtz,  Ref.  12,  pp.  283-289. 

"  Besides  (SOi++)SO-4,  comparable  with  uranyl  nitrate  (U0f)(N0i)j,  etc. 

"  Bird  and  Diggs,  This  Journal,  36, 1382  (1914). 
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press  ?++"*"  and  increase  the  potential.  Both  of  these  consequences  of  the 
polar  structure  of  phosphoric  add — and  of  its  ionization  as  both  add  and 
base — ^were  confirmed  experimentally  by  the  work  of  Bird  and  Diggs. 

The  alternative  hypothesis  of  non-polar  imion  would  be  that  phosphorus, 
in  the  face  of  its  powerful  tendency  to  discharge  electrons,  to  be  oxidized, 
resumes  from,  or  shares  with,  oxygen  electrons  which  oxygen  itself  has  a 
tremendous  tendency  to  absorb  and  hold,  and  woidd  form^*  O :  P(:  0"H''")j. 
This  hypothesis  is  not  only  contradictory  to  the  very  obvious,  powerful 
tendencies  mentioned  but  fails  to  account  for  the  equilibrium  results  of 
Bird  and  Diggs.  It  seems  to  the  author  that  the  polar  valence  theory  has 
the  very  dedded  advantage  of  summarizing  the  chemical  behavior,  without 
a  single  new  assumption,  in  a  very  complete  and  definite  way. 

Of  particular  weight  is  the  following  fiulher  analogy.  It  is  well  known 
that  in  the  case  of  inorganic  substances,  oxidation  (escape  of  electrons) 
occurs  at  ordinary  temperature  particidarly  readily  where  we  have  electrons 
hee  to  escape,  as  in  the  case  of  the  valence  electrons  of  atoms  (Zn,  H 
versus  H2)  or  of  ions  (Fe++  versus  FeS04,  S"  versus  HjS,  etc.).  Reducto 
in  the  same  way  occiu^  where  we  have  either  exposed  positive  charges  of 
ions  (Ag+  versus  Ag(CN)"2,  Cu++  versus  CUC4H2O6 — ,etc.)  ready  to  ab- 
sorb electrons,  or  where  we  have  exposed  electron  valence  ''shells"  of  free 
atoms  (N  versus  N2,  O  versus  O2)  ready  to  absorb  electrons.  Atoms  in 
combination,  it  is  well  known,  are  far  less  active  as  oxidizing  and  reducing 
agents  than  in  free  atomic  or  ionic  forms.  ^'  In  organic  compounds  we 
observe  exactly  the  same  fundamental  characteristic*^ — an  exposed  free 
valence  is  far  more  reactive  in  discharging  or  absorbing  electrons  (being 
oxidized  or  reduced)  than  a  valence  bound  by  imion  with  another  atom. 
In  organic  compounds  we  have  such  exposed  valences  (comparable  within- 
organic  ions  and  atoms)  in  the  case  of  double  bonds  opening  tmder  the  stress 
of  the  double  bond  union  {0%  IC 1^  C+'C),  also  for  triple  bonds,  in  the 

case  of  bivalent  carbon  atoms  RN  =  CandH+"C+"OH,  of  trivalent  carbon 

(C6Hb)sC,  and  of  the  more  readily  ionizable  metal  derivatives  of  carbon, 
ZnR2,  etc.  Such  organic  compounds  may  be  used  for  the  preparation  of  oxi- 
dation-reduction electrolytic  cells,  subject  to  exactly  the  same  limiting  con- 
ditions as  inorganic  compounds.  In  either  case  only  the  exposed  charges  of  a 
double  bond,  a  methylene  carbon  atom,  etc.,  or  of  an  ionizable  metal  atom 
or  a  free  ion  (such  as  Fe,  Fe++,  etc.)  must  be  considered  to  be  the  sources 
from  which  dectrons  flow,  or  into  which  they  enter,  in  oxidation  and  reduc- 

"  I<ewis,  Ref.  1,  p.  778:    Only  the  essential  valences  are  indicated. 

*•  References  and  a  detailed  discussion  are  found  in  Chapters  XIV  and  XV  d  th« 
author's  "Qualitative  Analysis,"  1912. 

"  Stieglitz,  Ref.  47,  p.  774;  Ref.  12,  p.  289;  and  Proc,  Inst.  Med.,  Chicago,  1.41 
(1916-17). 
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tion.  The  free  inorganic  ions  are  known  to  be  polar  and  there  is  no  reason 
why  their  organic  equivalents,  the  carbon  valences  which  show  exactly 
the  same  behavior  in  oxidation  and  reduction  should  not  also  have  a 
similar  electronic,  i.  e.,  polar,  structure. 

There  is  ample  further  support  of  the  important  role  played  by  polarity 
in  the  behavior  of  organic  compounds,  such  as  the  diflFerence  in  behavior  of 
the  odd  and  even  numbered  chains  of  carbon  atoms  in  the  case  of  such  com- 
pounds as  the  dicarboxyUc  acids  and  similar  derivatives  but  it  has  seemed 
best  to  confine  this  discussion  to  those  groups  of  compounds  in  which  the 
writer  has  been  actively  interested.** 

We  have  thus  seen  that  the  polar  version  of  the  molecular  rearrangement 
of  W^-triphenylmethyl-hydrazine  is  from  the  point  of  view  of  the  oxidation 
and  reduction  relations  involved,  far  more  direct  and  explicit  than  the  non- 
polar  version,  although  the  latter  could  be  used  to  arrive  at  the  same  net  re- 
sult arithmetically.  Similarly,  the  electrolytic  reduction  of  sulfuric  acid  to 
sulfur,  the  formation  of  phosphoric  acid  from  phosphorus  and  of  any  or- 
ganic add  from  its  aldehyde  or  alcohol  in  the  development  of  an  electric 
current  in  which  phosphorus,  aldehyde  or  alcohol,  respectively,  is  used  as 
the  source  of  electrons,  point  unqualifiedly  to  polar  valences  rather  than  to 
non-polar  union. 

Similarly,  the  evidence  of  directing  forces  in  the  absorption  by  double 
bonds  of  organic  compounds,  in  the  formation  of  position  isomers,  in  the 
occurrence  of  electromers  as  shown  by  h.  W.  Jones,  all  demand  emphatically 
the  application  to  organic  molecules  of  polar  valences  produced  by  the 
shifting  of  electrons  from  one  atom  to  another. 

On  the  other  hand,  a  diflference  in  the  properties  of  such  extreme  polar 
substances  as  sodium  chloride,  water,  etc.,  and  the  corresponding  properties 
of  many  polar  organic  compotmds  must  be  evident.  Exactly  wherein  the 
difference  lies — ^possibly  expressed  in  the  views  of  Bohr*,  Lewis*  and 
Kossel^ — is  a  subject  of  chemical  and  physical  investigation  in  atomistics. 
Here  it  is  sufficient  to  point  out  that  it  is  unfortunate  that  one  and  the 
same  word  is  used  to  express  the  two  kinds  of  polarity.  The  attempt  to 
escape  from  the  resulting  confusion  of  thought  by  emphasizing  the  non- 
polar  character  of  organic  compounds  when  they  really  show  distinctly 
polar  behavior  has  added  confusion  to  confusion.  Polarity  exists  wherever 
there  is  a  difference  in  charge,  positive  and  negative,  between  two  atoms 
and  it  is  so  valuable  a  conception  in  the  treatment  of  organic  compounds 
that  it  must  be  clearly  insisted  upon.  The  author  would  suggest  that  in 
spite  of  the  cumbersomeness  of  the  term,  Thomson's  **intramolecidar- 
ionization"  as  appUed  to  sodiiun  chloride,  water  and  similar  extreme  polar 
compounds,  does  express  exactly  the  prestunable  difference  between  the 

"  See  also,  the  perBistent  difl^eiitiation  of  nitrous  acid  nitrogen  N'*"^'*'  and  am- 
mono-nitrogen  N^  in  the  diazo  cbmpounds,  Stieglitz,  This  Journal,  30, 1798  (1908). 
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polarity  of  the  extreme  type  represented  by  sodium  chloride  and  the 
polarity  of  organic  compounds,  which  is  insisted  upon  in  this  discussion. 
Perhaps  the  use  of  Thomson's  descriptive  term  for  such  extreme  polar 
substances  will  give  to  organic  chemistry  the  full  value  of  polar  conceptions 
and  avoid  confusion  with  the  type  represented  by  our  common  electrolytes. 

Summary 
The  evidence  in  favor  of  the  application  of  the  theory  of  polar  versus 
non-polar  valences  in  organic  compounds  has  been  considered  in  various 
groups  of  derivatives,  with  the  following  results. 

1.  In  the  molecular  rearrangement  of  a  hydrazine  (C«Hs)iCNH.NH(Cr 
H«)t  the  theory  of  polar  valence  gives  an  evident  cause  for  the  rearrange- 
ment, revealing  a  "fault"  in  the  molecule,  and  it  also  makes  evident  the 
intramolecular  oxidation  and  reduction  of  certain  atoms,  which  the  ex- 
perimental results  demand.  These  are  fundamental  advantages  of  the 
theory  of  polar  valences  as  against  that  of  non-polar  valences  in  carbon 
derivatives. 

2.  Exactly  the  same  invaluable  advantages  are  to  be  fotmd  in  the  theory 
of  polar  valences  in  the  study  of  the  analogous  molecular  rearrangements  of 
chloro-  and  bromo-amides,  of  hydroxylamine  derivatives,  peroxides,  etc. 

3.  In  the  wholly  one-sided  absorption  reactions  of  carbon  dioxide 
0:C:0  and  of  innumerable  organic  compounds  containing  unsaturated 
groups  C:0,  C:S,  C:N,  polar  valences  are  recognized  as  tiiie  uniformly 
directing  forces. 

4.  Similar  directing  forces  are  observed  in  absorptions  by  olefins  in 
which  polar  valences  exist  in  carbon-to-carbon  unions.  Exceptions  to  one- 
sided absorptions,  as  in  the  absorption  of  bromine  chloride,  are  discussed 
and  accounted  for. 

5.  The  Crum  Brown-Gibson  rule  of  substitution  in  the  benzene  series 
is  developed  as  the  result  of  a  polar  electronic  structure  for  benzene,  which 
does  not  require  the  assumption  of  negative  hydrogen  H~  (Fry)  and  is 
based  on  the  application  to  benzene  of  results  firmly  established  in  the  ali- 
phatic series. 

6.  The  different  behavior  of  negative  halogen  (e.  g.,  in  RX~)  and  of 
positive  halogen  {e.  g.,  in  RNHX**-)  is  emphasized  as  further  important 
evidence  favoring  polar  valences  even  in  the  absence  of  ionization. 

7.  Advantages  of  the  polar  structure  for  hydroxylamine  and  its  deriva- 
tives are  summarized. 

8.  Evidence  of  the  complete  polar  structure  of  adds,  such  as  sulfuric, 
phosphoric  adds,  and  of  the  carboxyl  group  of  organic  adds,  is  found  in: 

(a)  Faraday's  observation  of  the  deposition  of  sulfur  at  the  n^ative 
electrode  in  the  electrolysis  of  cone,  sulfuric  add. 

(b)  The  work  of  Bird  and  Diggs  on  the  use  of  white  phosphorus  as  the 
equivalent  of  a  metal  for  the  production  of  an  dectric  current. 
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(c)  The  production  of  currents  by  the  use  of  organic  compounds  as  the 
source  for  the  escape  of  electrons  in  oxidation-reduction  cells. 

9.  It  is  pointed  out  that  in  the  oxidation  and  teducUon  of  organic  com- 
pounds at  ordinary  temperature  the  same  general  laws  hold  as  for  inorganic 
compounds,  namely,  that  exposed  valences  in  organic  compounds  on  double 
and  triple  bonds,  in  bivalent  and  trivalent  carbon,  etc.,  are  the  common  seat 
of  oxidation  and  reduction  reactions,  especially  at  ordinary  temperature, 
exactly  as  the  exposed  valences  of  free  ions,  free  atoms,  etc.,  of  inorganic 
compounds  have  been  found  to  be. 

10.  While  polarity  in  organic  compounds  is  insisted  upon  as  giving  us  an 
invaluable  guide  in  following  organic  reactions,  it  is  pointed  out  that  the 
polarity  need  not  be  of  the  extreme  character  shown  by  common  salts  but 
may  very  well  be  of  the  character  proposed  by  Bohr,  Lewis  and  Kossel, 
where  the  transfer  of  electrons  from  atom  to  atom  is  not  as  complete  as  in 
the  case  of  common  electrolytes.  Polarity  exists,  nevertheless,  and  the 
application  of  the  theory  61  polar  valence  represents  a  decided  advance 
in  the  interpretation  of  reactions  of  organic  compounds. 

CmCAGO,  IlXINOIS 
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Introduction 

The  significance  of  a  transitional  temperature  in  gelatin  solutions 
recently  has  been  receiving  much  attention  from  chemists.  In  a  general 
sense  it  has  long  been  recognized  that  whereas  very  dilute  solutions  (1 . 0%) 
of  pure  gelatin  would  gel  at  low  temperattu'es  (10^),  yet  that  above  certain 
temperatures,  roughly  placed  at  about  35**,  gelation  would  not  take  place 
at  any  concentration.  Exceedingly  viscous  solutions  might  be  obtained, 
but  the  ability  of  these  to  congeal  to  a  jelly  was  not  observed  above  this 
temperature. 

In  a  sense,  the  melting  point  of  a  gelatin  or  glue  has  been  taken  as  the 
critical  temperature,  as  is  the  case  with  crystalloids,  but  melting  point  is 
not  at  all  easily  obtained  or  even  defined  when  such  substances  as  gelatin 
are  tmder  consideration.  Many  attempts  have  been  made  to  determine 
this  property,  but  none  of  them  may  be  regarded  as  absolute  melting- 

1  Presented  before  the  St.  Louis  Section  of  the  American  Chemical  Society,  March 
6,  1922. 

*  Industrial  Fellow,  Mellon  Institute  of  Industrial  Research,  Pittsburgh,  and 
Research  Chemist  for  Armour  and  Company,  of  Chicago. 
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point  determinations  in  the  classical  conception  of  the  term.  A  very 
appreciable  time  factor  enters  into  the  above  determinations  which  pre- 
vents an  exact  coincidence  of  the  melting  and  solidification  or  setting  points. 
The  fact  must  be  met  that  in  such  systems  as  these  the  transition  from  the 
hydro-sol  to  the  hydro-gel  condition  is  continuous,  as  far  as  our  abiUty 
to  measure  the  "point"  of  change  is  concerned,  and  to  quote  Sheppard,' 
"both  the  'melting  point'  and  the  'setting  point'  are  more  or  less  arbi- 
trary conceptions,  and  their  determination  depends  mainly  upon  stand- 
ardized experimental  conventions." 

In  a  study  upon  the  mutarotation  of  gelatin  C.  R.  Smith*  has  shown  that  at  temper- 
atures above  33 '^  to  35*^  the  specific  rotation  of  gelatin  is  practically  constant  at  about 
— 123^,  while  at  temperatures  below  15*^  the  specific  rotation  is  practically  constant 
at  about  —  266*^.  At  all  temperattu-es  intermediate  between  35*^  and  15°  the  rotation 
varies  between  these  two  limits.  Smith  arrives  at  the  conclusion  that  gelatin  in  aqueous 
solution  exists  in  two  modifications;  the  one  stable  at  temperatures  above  33-35**  which 
he  denotes  as  Sol  form  A,  and  the  other  stable  at  temperatiu^es  below  15**  which  he 
denotes  as  Gel  form  B.  "Between  these  temperatures  a  condition  of  equilibrium  be- 
tween the  two  forms  exists  and  the  mutarotation  observed  seems  to  be  due  to  the  trans- 
formation of  one  form  into  the  other  by  a  reaction  which  is  reversible  with  temperature," 

Bingham  and  Green*  have  made  exhaustive  studies  of  the  laws  and  measurement 
of  plastic  flow,  and  the  applications  of  plastic  flow  to  industrial  processes,  and  Bingham* 
has  described  a  variable  pressure  method  for  the  measurement  of  viscosity. 

It  has  been  shown  that  a  viscous  liquid  will  start  to  flow  no  matter  how 
small  a  pressure  is  applied.  With  plastic  materials  no  flow  takes  place 
until  after  the  pressure  has  exceeded  a  certain  definite  value.  Bingham 
points  out  that  when  viscosity  determinations  are  made  by  noting  the 
volume  of  outflow  of  the  liquid  in  a  given  unit  of  time,  and  this  volume  is 
plotted  against  a  variable  but  rigidly  controlled  and  accurately  measured 
pressure,  an  extension  of  the  curve  to  the  axes  will  pass  through  the  origin, 
or  zero  point  of  the  axes,  provided  the  substance  obeys  the  laws  of  a  truly 
viscous  liquid,  but  that  the  extension  of  the  curve  will  fall  upon  the  pressure 
axis  at  a  finite  distance  (f)  from  the  volume  axis  if  the  substance  is  a  plas- 
tic solid.  This  distance  (f)  he  calls  the  yield  value  and  defines  as  the  force 
required  to  start  the  flow. 

It  seems  that  equally  comparable,  although  perhaps  less  sensitive 
measurements  for  the  determination  of  the  viscosity-plasticity  relations 
may  be  made  by  the  use  of  a  torsional  viscosimeter  of  the  MacMichael 
type.  By  varying  the  speed  of  rotation  of  the  cup  the  same  effect  is  pro- 
duced as  by  varying  the  pressure  in  the  capillary  tube  type  of  instrument. 
A  study  of  gelatin  solutions  was  conducted  by  this  method. 

•  Sheppard  and  Sweet,  /.  Ind.  Eng.  Chem.,  13,  423  (1921). 

*  Smith,  Tras  Journal,  41,  146  (1919);   /.  Ind,  Eng.  Chem,,  12,  878  (1920). 
•Bingham,  Bur.  Standards  Bull.,  13,  309  (1916-17).     Bingham  and  Green.  Proc. 

Am.  Sac,  Testing  Materials,  19,  640  (1919).    Green,  ibid.,  20,  451  (1920). 
•Bingham,  ibid.,  18,  Pt.   11,  373  (1918). 
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Viscosity-plasticity  Studies 

The  procedure  adopted  was  as  follows.  Several  lots  of  the  highest 
quality  of  granulated  gelatin  were  employed  in  the  tests.  These  were 
made  up  accurately  into  10,  20  and  25%  solutions  by  soaking  in  cold  water 
for  1  hour,  dissolving  in  a  water-bath  at  70®,  again  making  up  accurately 
all  water  lost  by  evaporation  and,  with  no  delay,  introducing  into  the 
cup  of  the  viscosimeter.    The  latter  was  at  the  same  temperature  as  the 


zoo  300 

VlSCOMTY  (AN6ULAR  DtnXCTlON) 

Fig.  1.— T^sconty-plastidty  cttnres. 

gelatin  solution,  and  was  immersed  in  the  water-bath,  which  is  a  part  of 
the  instrument,  at  a  temperature  of  70®.  The  heating  process  for  bring- 
ing the  gelatin  into  solution  was  made  as  brief  as  possible.  The  cover  of 
the  instrument  was  kept  on  the  cup  to  prevent  evaporation  during  the 
measurements. 

The  solution  was  kept  thoroughly  stirred  by  lifting  the  plunger  up  and 
down,  and  the  temperatiu-e  permitted  (by  use  of  the  electric  heating  unit) 


60'  50*  40*    37*  35*     34* 


Gelatin  No.  1 .  20 per  cent  sol. Wire 30 


40  eO  lao  160  zoo  Z40  aeo  3Z0  360  400  440  460  520  560  coo  640 

Viscosity  (Angular  deflection) 
Fig.  2. — ^Viscosity-plasticity  curves. 
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to  fall  very  slowly.  The  viscosity  was  taken  intermittently  at  definitely 
indicated  temperatures  as  the  solution  cooled  until  it  became  too  viscous 
to  measure. 

The  velocity  of  rotation  of  the  cup  was  very  carefully  adjusted  before 
and  after  the  measurements.    Each  series,  as  above,  was  measured  at 


50'  37*  33' 31*  Z9' 


GELATIN  NO.  1,  10  PER  CENT.  SOL,  WIRE  30. 


80  120  160  200  240 

Viscosity  (Angular  deflection) 


zoo 


Fig.  3. — Viscosity-plasticity  curves. 

the  same  velocity  of  rotation  throughout  the  temperature  range  from  60* 
to  31°  or  lower,  and  then  the  velocity  changed.  Speeds  from  5  to  100 
r.p.m.  were  used. 

The  whole  process  was  repeated  for  the  three  concentrations  used,  and 
again  repeated  with  the  employment  of  diflferently  sized  wires  in  the 
instrument. 


Gelatin  no.2.  zsroK  cent  sol.  wire  27. 


zoo  300 

Viscosity  (ANOUL^n  deflection) 


Fig.  4.— Viscodty-plasticity  cttnres. 
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Some  oi  the  data  obtained  are  shown  in  graph  form  in  Pigs.  1  to  4. 

In  the  curves  the  velocity  of  rotation  is  plotted  against  angular  de- 
flection. An  examination  of  these  graphs  shows  that  by  continuing 
each  curve  downward  tmtil  it  intercepts  the  axis  two  conditions  are  made 
manifest.  In  one  of  these  conditions  the  origin  of  each  curve  is  the  zero 
point  of  the  axes.  In  general,  all  etudes  plotted  from  temperatures  higher 
than  34^  are  of  this  type.  In  the  other  condition,  the  origin  of  the  curves 
lies  at  some  point  on  the  viscosity  axis  at  a  varying  distance  from  the  ordi- 
nate representing  r.p.m.  The  lower  the  temperature,  the  further  is  the 
point  of  interception  with  the  abscissa  removed  from  the  convergence 
point  of  the  axes. 

This  seems  to  mean,  arguing  from  the  geometry  of  the  graphs,  that  in 
those  cases  where  the  intercept  lies  on  the  abscissa  an  infinitely  small 
velocity  of  rotation  will  result  in  a  viscosity  deflection  of  finite  magnitude. 
That  is,  the  gelatin,  under  those  conditions,  offers  a  permanent  and  fixed 
resistance  to  deformation.  It  is  an  elastic  body ;  it  possesses  a  measurable 
degree  of  rigidity;  and  deformation  may  not  occur  until  after  a  certain 
minimum  of  pressure,  exerted  against  it,  has  been  exceeded.  These  are, 
as  a  matter  of  fact,  the  very  attributes  which  are  characteristic  of  plastic 
substances. 

If  it  were  necessary  to  carry  the  analogy  further  we  might  say  that  the 
distance  from  the  origin  of  the  axes  to  the  point  of  intersection  corresponds 
very  closely  to,  although  it  is  not  identical  with,  the  yield  value,  /,  as 
obtained  by  Bingham's  method.  The  magnitude  of  this  distance  may 
correctly  be  taken  as  a  measure  of  the  plasticity  of  the  material. 

It  will  be  observed  that  at  velocities  of  rotation  above  60  r.p.m.  there 
is  in  some  cases  a  slight  bending  of  the  curves,  away  from  the  velocity 
axis.  That  is,  at  the  higher  speeds  of  rotation,  the  observed  viscosity 
is  somewhat  greater  than  shotdd  obtain  if  the  lower  (straight)  portion 
of  the  curve  may  be  regarded  as  most  correctly  expressive  of  the  true  theo- 
retical values.  The  reason  for  this  bending  is  undoubtedly  to  be  found 
in  an  instrumental  error  by  which  eddy  currents  are  set  up  within  the  liquid 
when  the  velocity  exceeds  a  certain  value.  There  is  also  very  probably 
produced  at  the  higher  velocities  a  slipping  of  the  liquid  along  the  sides  of 
the  cup  causing  it  to  move  to  a  greater  degree  ^mos^e  rather  than  with  the 
telescopic  shear  of  a  truly  viscous  flow. 

Above  a  certain  temperature  (at  any  given  concentration)  the  curves 
follow  the  laws  of  truly  viscous  flow,  e,  g.,  they  converge,  when  extrapo- 
lated to  the  axes,  at  the  origin.  In  other  words  the  observed  angtdar 
deflection  is  directly  proportional  to  the  speed  of  rotation.  At  a  given 
temperature  (for  a  given  concentration),  however,  and  at  all  temperatures 
below  this  point,  the  curves  follow  the  laws  of  plastic  flow  as  above  pointed 
out.    Our  "solution"  of  gelatin  behaves,  therefore,  as  a  viscous  liquid 
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at  elevated  temperatures,  and  as  a  plastic  solid  at  low  temperatures  (but 
still  above  the  solidification  point). 

If  we  may  accept  C.  R.  Smith's  conclusions  that  above  33-35**  the 
sol  form  only  may  exist,  while  below  that  temperature  increasing  amounts 
of  the  gel  form  are  in  equilibrium  wiUi  the  former  until  at  15  **  the  gel 
form  only  is  stable,  then  it  seems  to  follow  from  the  data  here  presented 
that  gelatin  sol  is  a  viscous  liquid  while  very  small  amotmts  of  gelatin 
gel  are  sufficient  to  impart  to  the  "solution"  the  property  of  plastic  flow. 

The  Sol-gel  Equilibrium 

The  writer^  has  already  pointed  out  that  gelatin  sols  appear  to  consist 
of  molecules  which,  upon  a  lowering  of  the  temperature,  tend  to  cohere 
into  aggregates  in  the  form  of  catenary  threads  of  more  heavily  hydrated 
molecules.  Further  evidence  in  support  of  this  viewpoint  is  given  in  the 
following  paper  on  "The  Structure  of  Elastic  Gels."'  We  vrill  add  at 
this  place,  however,  that  the  resiliency  or  elasticity  of  the  jelly  seems  to  be 
dependent  upon  the  length  of  these  threads.  And  apparently  elasticity 
in  the  gel  state  is  synonymous  with  plasticity  in  the  fluid  condition,  for, 
on  accoimt  of  the  amicroscopic  or  ultramicroscopic  size  of  these  particles 
and  the  short  threads  characteristic  of  the  sol  state,  any  displacement  of 
them  in  the  fluid  would  meet  with  so  great  a  frictional  resistance  that  the 
property  of  elasticity,  or  plastic  flow,  would  be  transmitted  to  the  whole 
mass.  This  is  what  is  observed  when  the  curve  of  viscous  flow  changes 
to  one  of  plastic  flow. 

None  of  the  instruments  that  have  been  devised  for  measiuing  molec- 
ular or  molecular  group  elasticity  (plasticity)  is  in  any  sense  absolute; 
e.  g.,  there  is  a  sensitivity  coefficient  below  which  they  cease  to  function. 
In  other  words,  while  we  can  say  definitely  that  paint  for  example,  is 
a  plastic  solid  or  shows  properties  of  plastic  flow,  we  cannot  say  as  positively 
that  water  exhibits  no  such  properties.  All  that  we  may  say  is  that,  as 
far  as  the  most  delicate  sensitivity  of  our  instrument  reveals,  there  is  no 
indication  of  plastic  flow  in  water.  Theoretically  there  is  no  reason  to  be- 
lieve that  liquid  water  (dihydrol)  should  not  possess  intermolecular  elas- 
ticity. 

With  the  instrument  used  in  the  foregoing  experiments  (the  Mac- 
Michael  viscosimeter)  the  highest  temperature  at  which  evidences  of 
plastic  flow  were  observed  (in  25%  concentration)  was  about  34°.  A  more 
delicate  instrument  might  show  this  property  at  a  higher  temperature. 
As  the  concentration  of  the  gelatin  solution  was  decreased,  the  maximuin 
temperature  at  which  plastic  flow  was  first  observed  became  lower,  €.  f., 
about  33**  in  the  20%  concentration,  and  29*"  in  the  10%  concentration. 


'Bogue,  Chem.  MeL  Eng.,  23,  62  (1920). 
•Bogue,  Tms  Journal.  44,  1343  (1922). 
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This  is  in  entire  conformity  with  the  argument  presented  above;  for 
while  it  was  stated  that  the  plasticity  was  probably  an  expression  of  inter- 
fibrillar  elasticity,  and  that  elasticity  seemed  to  be  determined  by  the  length 
of  the  fibrils,  it  also  follows,  from  the  limited  sensitivity  of  our  apparatus, 
that  the  measurability  of  this  property  must  depend  upon  the  actual  con- 
centration of  fibrils  in  the  solution,  and  this  is  proportional  to  the  total 
concentration  of  gelatin  in  the  solution  at  any  given  temperature. 

Davis*  has  reported  that  at  the  temperature  of  38.03°  gelatin  sol  and 
gel  can  exist  in  equilibrium,  while  this  is  not  true  for  any  other  temperature. 
That  is,  a  "seeded"  solution  (one  to  which  a  little  gelatin  gel  had  been  added) 
showed  no  change  in  viscosity  with  time  at  the  temperature  of  38.03°. 
At  any  temperature  below  this  a  regular  increase  in  viscosity  with  time 
was  observed.  At  higher  temperatures  a  decrease*  occurred  until  the 
viscosity  equaled  that  of  a  similar  unseeded  portion  at  the  same  tempera- 
ture.   Sheppard^®  has  been  able  to  corroborate  this  value  very  closely. 


130 


to 


—  =  Regular  Gelatin. 

=DiALYZEO,  Gelatin. 

Figures  on  curves  indicate  ?„  values 


3  4  5 

Time  in  houi^s 


Fig.  5. — Change  in  viscosity  with  time  at  varying  Ph; 
2%  solution.  35**. 


•  Davis  and  Oakes,  Tms  Journal,  44,  464  (1922). 

>^  S.  E.  Sheppard,  discussion  at  62nd  Meeting.  American  Chemical  Society.  New 
York,  Sept  6-10.  1921. 
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but  Loeb^^  has  reported  that  at  any  temperature  above  35^,  the  viscosity 
(of  a  2%  solution  of  gelatin  chloride  of  Sdrensen  value,  Ph  2.7)  decreases 
on  standing. 

In  order  to  bring  more  data  to  bear  upon  this  pcint  a  series  of  experi- 
ments was  performed  with  the  object  of  noting  the  changes  in  viscosity 
with  time  of  gelatin  solutions  of  varying  hydrogen-ion  concentration 
and  of  varying  gelatin  concentration.  The  var3ring  d^;rees  of  hydrogen- 
ion  concentration  were  obtained  by  soaking  the  granulated  gelatin  in 
cold  hydrochloric  add  or  sodium  hydroxide  solutions  of  the  proper  strength, 
for  1  hour,  then  washing  out  the  excess  electrolyte  as  directed  by  Loeb, 
and  making  up  to  2%  concentration.  Portions  of  this  were  also  diluted 
to  1  and  0. 5%  concentrations  and  viscosity  tests  made  with  an  Ostwald 
viscosimeter  at  frequent  intervals  for  8  hours.  The  temperature  was 
rigidly  controlled  at  35. 0**.  The  data,  shown  in  part  .in  Pig.  5,  indicate 
a  decrease  in  viscosity  with  time  at  every  hydrogen-ion  value  tested,  from 
Ph  2.0  to  Ph  9.4,  with  the  exception  of  the  sample  at  Ph  4.7  in  which 
case  there  was  no  change.  The  sample  at  Ph  4.8  was  "seeded,"  but 
no  alteration  in  the  slope  of  the  curve  was  observed.  The  nearer  the  hy- 
drogen-ion concentration  of  the  samples  to  the  iso-electric  point,  the  less 
was  the  variation  in  viscosity  with  time.  There  was  in  no  case,  however, 
an  increase  in  viscosity  with  time. 

A  gelatin  that  had  been  purified  by  dialysis  was  next  subjected  to  the 
same  treatment,  and  although  the  curves  were  in  most  instances  very  simi- 
lar to  the  previous  ones,  yet  at  Ph  4.7  there  was  a  slight  tendency  for  an 
increase  in  viscosity  with  time  as  indicated  by  the  dotted  curves  in  Pig. 
5.    At  37.0^  the  curve  was  again  horizontal. 

The  significance  of  these  data  is  now  apparent.  There  are  obviously 
many  factors  which  influence  the  effective  volume  of  the  gelatin  in  the 
solution.  Of  these  the  hydrogen-ion  concentration  seems  to  be  most  im- 
portant. The  amount  and  nature  6i  the  inorganic  ions  with  which  the 
gelatin  is  associated  is  another.  The  presence  of  the  hydrolysis  products 
of  gelatin  is  a  third  factor,  and  the  measurability  of  these  influences  will 
be  determined  by  the  concentration.  At  low  temperatures,  e.  g.,  25**, 
the  tendency  in  the  system  is  for  an  increase  in  the  size  of  the  molecule 
aggregates;  hence  an  increase  in  viscosity  with  time.  At  high  tempera- 
tures, e.  g.,  40®,  the  tendency  is  for  a  decrease  in  the  size  of  these  aggre- 
gates. Hence  a  decrease  in  the  viscosity  with  time.  At  any  specific 
temperature,  e.  g.,  35®,  whether  the  aggregates  will  become  larger  or  smaller 
is  determined  by  the  hydrogen-ion  concentration  of  the  solution,  and  the 
presence  of  inorganic  ions  and  protein  hydrolysis  products.  Under  any 
given  set  of  conditions  there  will  be  some  temperatures  at  which  neither 
increase  nor  decrease  will  occur.  This  point  was  found  in  gelatins  studied 
"  J.  Loeb.  /.  Gen.  Physiol.,  4,  107  (1921). 
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by  Davis  and  by  Sheppard  to  be  at  about  38^;  in  gelatins  studied  by  Loeb 
to  be  at  35^  (in  solution  of  Ph  2. 7) ;  and  in  gelatins  studied  by  the  writer 
to  be  at  35**  and  37**  (in  solution  of  Ph  4.7). 

It  appears  that  the  colloid  fibril  consists  at  elevated  temperatures 
ci  but  a  few  partially  hydrated  molecules  attached  to  each  other,  and  float* 
ing  about  as  discrete  particles  in  the  solvent.  An  increase  in  viscosity 
with  time  would  then  signify  either  an  increase  in  the  size  (length)  or 
number  of  the  threads,  or  an  increased  volume  due  to  the  absorption  of 
water  or  hydration.  At  elevated  temperatures,  the  equilibrium  is  evi- 
dently rapidly  attained.  This  seems  to  be  due  to  the  relatively  small 
changes  that  are  induced  in  the  particle  size  and  degree  of  water  absorption 
or  hydration  by  variations  in  temperature  at  elevated  temperatures,  and 
to  the  high  mobility  of  the  free  solvent.  But  as  the  temperattu'e  falls, 
the  amotmt  of  change  per  unit  drop  in  temperature  rapidly  increases, 
and  with  this  is  a  rapid  decrease  in  the  mobility  of  the  solution  through  the 
withdrawal  of  the  solvent  by  absorption  or  hydration.  The  time  required 
for  the  colloidal  molecule-fibrils  to  reach  a  state  of  complete  equilibriiun 
with  the  solvent  is  consequently  vastly  increased.  In  other  words  the 
solution  will  show  an  increase  in  viscosity  with  time. 

Under  any  given  condition  of  temperatiure  and  hydrogen-ion  concen- 
tration there  will  be  a  certain  condition  of  viscosity  which  the  system  will 
attain  at  equilibriiun.  A  temperature  at  which  no  change  in  viscosity 
with  time  occtu^  indicates  an  immediate  equilibrium  condition,  but  this 
temperature  will  vary  with  different  hydrogen-ion  concentrations  and  with 
different  degrees  of  purity  of  the  sample.  It  is  in  no  way  indicative  of 
a  critical  equilibrium  temperatiu-e  between  the  sol  and  gel  forms,  but  is 
rather  only  a  point  on  a  continuous  curve.  This  may  be  expressed  by  the 
equation 

where  ly^  is  the  viscosity  at  equilibrium  at  any  given  hydrogen-ion  con- 
centration, f(T)  is  some  function  of  the  temperature,  and  K  isa  constant. 
On  account  of  the  length  of  time  required  to  attain  equilibrium,  and  the 
difficulty  of  eliminating  completely  all  other  influences  such  as  hydrolysis 
due  to  the  prolonged  action  of  water,  electrolytes,  or  bacteria,  the  exact 
measurement  of  17^   is  uncertain,  except  where  the  conditions  have  been 

met  for  the  existence  of  an  equilibrium  immediately.  This  is  the  condition 
encountered  where  that  temperature  is  obtained  at  which  no  change  in 
viscosity  with  time  is  observed. 

The  idea  of  a  gradual  rather  than  an  abrupt  change  on  passing  from  the 
sol  to  the  gel  form  is  further  indicated  by  the  finding  of  Walpole"  that 
the  refractive  index  of  a  gelatin-water  system  is  a  linear  function  of  the 
I'Walpole,  KoUM'Z.,   13,  241   (1913). 
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concentration,  and  if  plotted  against  the  temperature  shows  no  dis<*on- 
tinuity  at  any  point  between  the  liquid  sol  and  the  rigid  gel.  McBain** 
has  reported  that  the  sol  and  gel  of  soaps  differ  only  through  the  mechan" 
ical  rigidity  and  elasticity  of  the  gel  form. 

Summary 

Experiments  have  been  conducted  upon  the  viscosity-plasticity  re- 
lations in  gelatin  solutions  which  have  indicated  (1)  that  gelatin  in  aqueous 
solution  as  measured  by  the  MacMichael  viscosimeter  follows  the  laws 
of  viscous  flow  at  elevated  temperatures,  and  that  the  same  exhibits  the 
properties  of  plastic  flow  at  lower  temperatures  (above  the  solidification 
point) ;  and  (2)  that  the  transition  between  the  sol  and  gel  form  does  not 
take  place  at  any  given  point  of  temperature,  but  rather  extends  through- 
out a  rather  indefinite  period  of  temperature. 

The  variation  in  viscosity  with  time  was  studied  and  it  was  found  that 
at  a  given  temperature  (35®)  the  increase  or  decrease  in  viscosity  with 
time  was  dependent  upon  the  hydrogen-ion  concentration,  the  nature  of 
the  inorganic  ions  present,  and  the  amount  of  hydrol)rzed  protein  in  the 
system.  It  is  urged  that  the  temperature  at  which  no  change  in  viscosity 
with  time  is  observable  may  not  be  taken  as  a  critical  temperature  between 
the  sol  and  gel  forms,  but  rather  that,  given  sufficient  time  under  aseptic 
conditions,  there  may  be  conditions  reached  at  any  temperatm*e  at  which 
there  will  be  no  change  in  viscosity  with  further  lapse  of  time.  The  ex- 
pression, "no  change  in  viscosity  with  time,*'  means  only  that  the  relative 
voliune  of  the  particles  of  gelatin  or  gelatin  aggregates  in  the  system  tends 
neither  to  increase  nor  decrease  under  the  conditions  attained.  A  lower- 
ing of  the  temperature  will  cause  an  increase  in  this  relative  volume  and 
hence  an  increase  in  viscosity,  but  this  increase  being  attained  (after  the 
lapse  of  time),  the  viscosity  will  then  again  become  constant.  A  rise 
in  temperature  will  produce  the  opposite  effect.  The  equation  is,  there- 
fore,  written  ^^^^^^^ 

indicating  that  the  viscosity  of  pure  gelatin  at  any  given  hydrogen-ion 
concentration  is  inversely  proportional  to  some  function  of  the  tempera- 
ture, and  that,  at  equilibrium,  there  will  be  some  viscosity  (at  any  given 
hydrogen-ion  concentration)  which  will  correspond  with  every  point  of 
temperature. 

The  conclusions  indicate  that  there  is  no  sharp  transition  point  between 
the  sol  and  gel  forms  in  protein  systems,  but  that  the  transition  is  continu- 
ous and  reversible  over  a  somewhat  indefinite  period. 

The  writer  wishes  to  express  his  indebtedness  to  Mr.  M.  L.  Sheely  of 
the  Armour  Glue  Works  Laboratory  for  assistance  in  making  many  of 
the  measurements  reported  herein. 
Pittsburgh,  Pennsylvania 

i»I,aing  and  McBain,  J.  Chem.  Soc.,  117,  1606  (1920). 
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STUDIES  ON  CATALYSIS.    H.^    DEHYDRATION  AND  ADDITION 

REACTIONS    OF    ETHYL    ALCOHOLt     THE    FORMATION    OF 

ACETAL  AND  MERCAPTANS^ 

By  Francois  A.  Gilpili^n* 

Received  January  27,  1922 

The  results  described  in  the  following  paper  were  obtained  in  an  in- 
vestigation made  to  determine  the  comparative  activity  of  the  oxides 
of  silicon,  thorimn,  titanimn  and  tungsten  in  inducing  certain  catalytic 
dehydration  and  esterification  reactions  with  ethyl  alcohol  in  the  vapor 
phase  and  at  comparatively  high  temperatures. 

Ethyl  alcohol  subjected  to  dehydration  in  the  vapor  phase,  may  give 
rise  to  either  or  both  of  two  products.  With  certain  catalysts,  and  at  lower 
temperatures,  ether  is  produced,  while  under  all  other  conditions  a  more 
complete  dehydration  occurs,  with  the  production  of  ethylene. 

This  dehydration  was  first  observed  by  Priestley*  while  passing  alcohol  vapors 
through  an  earthen  tube  heated  to  redness.  But  it  remained  for  Deimann*  to  observe 
the  catal3rtic  action  of  the  tube  itself  in  this  dehydration,  and  to  separate  and  identify 
the  gases  formed.  -  He  found  that  alcohol  vapors  passing  over  heated  alumina  or  silica 
were  converted  into  ethylene,  while  those  passing  over  heated  glass,  lime  or  talc  pro- 
duced none  of  this  gas.  The  presence  of  a  certain  amount  of  hydrogen  in  the  ethylene 
was  also  reported. 

Berthelot'  foimd  that  ethyl  alcohol  could  be  passed  over  pumice  below  600®  without 
undergoing  any  decomposition,  and  Nef '  found  a  similar  behavior  up  to  625*.  Sabatier 
and  Mailhe^  reported  the  use  of  thoria  as  a  catalyst  in  1908  and  found  that  this  oxide 
at  340"  gave  50%  more  ethylene  then  did  alumina.  In  addition  to  its  greater  activity 
it  reacted  exclusively  as  a  dehydrating  agent*  and  was  not  rendered  inactive  by  over» 
heating.  The  recent  work  of  Kramer  and  Reid^*^  shows  that  imder  certain  conditions, 
thoria  may  also  exercise  an  appreciable  dehydrogenation  on  alcohols.  And  these  same 
investigators  have  shown,  furthermore,  that  the  activity  of  thoria  may  be  impaired  by 
overheating,  which  fact  has  likewise  been  confirmed  by  the  writer. 

»  Paper  I  by  Johnson  and  Brown,  Proc.  Nat,  Acad.  Set.,  7,  75  (1921). 

•  This  paper  is  constructed  from  a  dissertation  presented  by  Francois  Arch  Gil- 
fillan  in  June,  1921,  to  the  Faculty  of  the  Graduate  School  of  Yale  University  in  candi- 
dacy for  the  degree  of  Doctor  of  Philosophy.     (Treat  B.  Johnson.) 

»  This  work  was  done  tmder  a  special  grant  which  was  generously  contributed  by 
the  Calco  Chemical  Company  of  Boimd  Brook,  N.  J.  The  writer  desh-es  to  acknowledge 
at  this  time  his  appreciation  of  this  assistance  and  to  express  his  thanks  to  this  company 
for  its  interest  in  his  work. 

«  Priestley,  Phil.  Trans.  Roy.  Soc.,  73,  429  (1783),  "Experiments  and  Observations 
on  Ah-,"  Vol.  1,  p.  200  (Birmingham,  1790). 

»  Deimann,  van  Troostwyk,  Bondt,  and  I<ouwrenburgh,  CrelL  Ann.,  1795,  II, 
pp.  312  and  430. 

•Berthelot,  "Trait6  de  chimie  organique,"  1872,  p.  164. 

'  Nef,  Ann.,  318,  200  (1901). 

8  Sabatier  and  Mailhe,  Compt.  rend.,  147,  108  (1908). 

«  Sabatier  and  Mailhe,  Ann.  chim.  phys.,  [S]-  20,  341  (1910). 

»o  Kramer  and  Reid,  This  Journal,  43,  880  (1921). 
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CrystaUine  titanium  dioxide,  according  to  Sabatier  and  Mailhe,"  shows  no  catalytic 
influence  on  the  vapor  of  primary  alcohols  at  temperatures  up  to  400  ^«  but  the  amor- 
phous form  of  this  oxide  is  an  active  catalyst'  and  at  320^  ethylene  is  formed.  Engelder 
passed^'  absolute  alcohol  over  amorphous  titanium  oxide  at  490^  and  obtained  a  gas 
which  contained  23%  more  ethylene  than  that  obtained  by  Sabatier  at  a  temperature 
90^  lower.  He  also  observed  the  formation  of  ethane,  the  proportion  of  which  in  some 
cases  was  as  high  as  55%  of  the  total  gas.  Titanium  oxide,  therefore,  acts  simultane- 
ously as  a  dehydrating,  dehydrogenating,  and  hydrogenating  cataljrtic  agent. 

The  yellow  oxide  of  tungsten,  WOt,  is  reduced  at  350^  by  the  vapors  of  aloohoL 
This  blue  oxide,  as  observed  by  Sabatier  and  Mailhe^*,  is  an  energetic  dehydrating  cata- 
lyst toward  alcohols.* 

It  is  well  known  that  esterification  can  be  promoted  by  certain  catalysts,  espedaDjr 
by  sulfuric  add,  but  it  was  not  until  1911  that  catalytic  esterification  in  the  vapor  phase 
was  accomplished.  For  this  ptuix)se  titanium  dioxide  has  proved  a  much  better 
catalyst  than  thoria.^*  Even  the  weak  add  hydrogen  sulfide  may  be  made  to  react 
with  alcohols  under  the  influence  of  catalysts  of  dehydration.  This  was  first  i4>plied 
by  Sabatier  and  Mailhe^  in  1910  with  thoria,  and  the  same  agent  has  recently  been 
emplo3red  for  the  same  reaction  by  Kramer  and  Rdd.^^ 

The  main  ptirpose  of  the  present  research  was  to  extend  this  work  on 
esterification  by  catalysis,  and  to  determine  whether  or  not  carbonic 
esters  might  be  produced  by  the  interaction  of  ethyl  alcohol  in  the  vspor 
phase  with  carbon  dioxide  and  carbon  disulfide.  The  chemical  changes 
that  were  of  immediate  interest  to  us  may  be  expressed  as  follows. 

yOCH, 
0:C:0  +  2  HOCH,  -—  0:C  +  H,0 

\)CiH, 
/OCJHf 
S:C:S  +  2  HOCiH,  —  S:C  +  H,S 

Nx:jif 

yOCH,    byniolecuUir  yOCOIi 

Sid  rearrangement       0:C 

Nx^iH,  ^  ^SCiH. 

The  catalysts  employed  in  otu:  work  were  pumice,  thorium  oxide,  ti- 
tanium oxide,  and  the  blue  oxide  of  tungsten,  and  the  results  <A  the  in- 
vestigation are  described  in  detail  in  the  experimental  part  of  this  pBpei. 
The  researches  on  the  study  of  catalysis  will  be  continued. 

Experimental  Part 
The  Heating  Unit. — ^The  electric  furnace  in  which  all  of  our  experi- 
ments were  conducted  was  constructed  from  an  alundum  tube  61  cm. 
long  and  4cm.  internal  diameter.    This  was  wound  with  a  spiral  ol  Ifi- 
chrome  ribbon  13.7  meters  in  length,  the  ribbon  being  3  mm.  wide  and 

"  Sabatier  and  Mailhe,  Cotnpt,  rend,,  146,  1377  (1906). 

»« Engelder,  J.  Phys.  Chem.,  21,  689  (1917). 

»» Ref.  8.  p.  17. 

>«  Sabatier  and  Mailhe,  Compt.  rend.,  1S2,  496  (1911). 

»  Sabatier  and  Mailhe,  ibid,,  ISO,  1217  (1910). 
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0. 25  mm.  thick  The  reaction  tube  was  of  fused  silica,  90  cm.  long  and 
16  mm.  internal  diameter.  This  tube  extended  through  the  alundum 
tube,  and  asbestos  and  magnesia  were  stuffed  at  each  end  into  the  space 
between  the  tubes,  so  that  the  silica  tube,  surrounded  by  a  dead  air  space, 
extended  through  the  alundum  tube  without  touching  it  at  any  point. 

Reagents. — ^The  pumice  used  was  a  dean,  granular  product,  in  pieces  of  about  the 
size  of  peas.  This  was  used  alone,  and  also  as  a  support  for  the  other  catalytic  agents 
employed. 

Pour  contact  masses  were  prepared  from  thorium  nitrate,  in  order  to  observe  the 
effect  of  method  of  preparation  on  the  activity  of  this  oxide.  In  the  first  instance, 
pumice  was  impregnated  with  a  solution  of  200  g.  of  thoriiun  nitrate  in  200  cc.  of  water. 
One-half  of  the  pumice  was  dried  at  100^  and  then  ignited  in  a  crucible  at  red  heat  for 
3  hours.  This  charge,  containing  36  g.  of  thoria,  will  be  designated  as  Thoria  A.  The 
second  portion  of  the  impregnated  pumice,  without  previous  drying,  was  suspended 
in  concentrated  aqueous  ammonia  for  several  hours,  then  dried  at  100^.  This  charge, 
prepared  by  precipitation  of  the  hydroxide  on  the  surface  of  the  pumice,  will  be  desig- 
nated as  Thoria  B. 

Two  contact  masses  of  thoria  were  prepared  by  direct  precipitation  of  the  hydroxide 
by  treating  a  solution  of  the  nitrate  with  ammonia,  washing  the  precipitate  until  free 
from  ammonia,  and  then  drying  it  at  130^.  One-half  of  this  precipitate  was  mixed  with 
enough  impregnated  ptunice  from  Thoria  B  to  bring  the  total  thoriiun  oxide  content  up 
to  60  g.  This  charge  will  be  designated  as  Thoria  C.  The  last  contact  mass,  prepared 
and  mixed  with  the  impregnated  pumice  in  the  same  manner,  and  containing  120  g.  of 
thorium  oxide,  will  be  designated  as  Thoria  D.  The  titaniiun  oxide  in  portions  of  60  g. 
was  mixed  with  dean  ptunice  before  using  as  a  catalyst.  The  tungsten  oxide  catalyst 
was  prepared  by  mixing  the  yellow  oxide  of  99.23%  purity  with  dean  pumice  and  reduc- 
ing with  alcohol  vapors  at  350^  to  the  blue  oxide,  WiOi.  The  re-oxidation  of  this  material 
to  the  yellow  oxide  was  avoided  by  exduding  air. 

The  alcohol  used  throughout  the  work  varied  m  strength  from  98.26%  to  99.83%. 
The  carbon  disulfide  emplo3red  was  purified  by  treatment  with  anhydrous  copper 
sulfate,  agitating  with  mercury,  and  finally  redistilling.  The  product  then  boiled 
constantly  at  about  46.3^. 

The  Dehydration  of  Etiiyi  Alcohol 
Pumice  was  found  to  have  no  catalytic  effect  on  alcohol  at  400**.  When 
passed  through  the  tube  at  the  rate  of  30  g.  per  hoiu:,  the  recovery  rep- 
resented from  99%  to  100%  of  the  weight  of  the  original  alcohol  used, 
and  an  analysis  showed  the  presence  of  only  a  trace  of  acetaldehyde. 
The  presence  of  carbon  dioxide  exerted  no  influence  on  the  reaction, 
even  when  the  temperature  was  raised  to  500**. 

As  stated  above,  several  catalytic  masses  of  thoria  were  employed, 
the  first  of  these,  Thoria  A,  being  prepared  by  ignition  of  pumice  impreg- 
nated with  thorium  nitrate.  Three  experiments  with  this  material  at 
temperatures  between  250**  and  350**,  and  at  rates  of  flow  var3ring  between 
22  g.  and  70  g.  per  hour,  showed  recovery  between  98%  and  100%  of 
alcohol  containing  a  trace  of  aldehyde,  which,  however  did  not  appear 
when  air  was  displaced  from  the  apparatus  by  carbon  dioxide.  Quite 
different  results  were  obtained  by  use  of  the  other  thoria  masses,  prepared 
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without  calcining.  Thoria  C  showed  at  250®  a  92%  recovery  of  akohol, 
90%  at  300®,  and  77%  at  400®.  In  each  mstance  some  aldehyde  was 
shown  to  be  present.  Thoria  D  was  used  in  5  experiments.  At  300°, 
a  recovery  of  97%  was  observed  when  the  rate  of  passage  was  40  g.  per 
hour,  but  when  the  rate  was  lowered  to  20  g.  per  hour,  only  93%  was  re- 
covered. At  350®  the  same  recovery  was  observed,  but  at  360®,  only 
68%  was  recovered.  The  catal3rtic  mass  was  then  heated  to  low  redness 
in  the  ftunace  for  18  hours,  after  which  three  experiments  were  performed, 
in  the  presence  of  carbon  dioxide.  At  325®  only  a  trace  of  ethylene  was 
obtained,  and  98%  of  the  alcohol  was  recovered.  At  about  425®,  from 
alcohol  passing  over  the  catalyst  at  the  rate  of  only  15  g.  per  hour,  82%  was 
recovered. 

Results  of  the  above  investigation  are  shown  graphically  in  Fig.  1, 
in  which  the  curve  Thoria  A  represents  catalyst  prepared  by  calcination. 
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Temperature. 
Pig.  1. — Inactivation  of  thoria  by  calcination. 

The  curves  Thoria  C  and  Thoria  D  represent  the  action  of  the  two  samples 
of  catalyst  prepared  by  precipitation,  while  curve  Thoria  D'  depicts  the 
activity  of  the  corresponding  catalyst  after  having  been  heated  to  low  red- 
ness for  18  hours.  It  is  evident  that,  contrary  to  the  statement  of  Saba- 
tier,^*  the  catalytic  action  of  thoria  is  greatly  diminished  by  caldnatioot 
or  even  by  prolonged  heating  at  a  lower  temperature.  As  would  be  ex- 
pected, the  amount  of  catalyst  present  does  influence  the  rate  of  activity, 
as  likewise  does  the  rate  of  passage  of  the  alcohol. 

Titanium  oxide  gave  results  quite  different  from  those  given  by  thoriuD 
oxide.  Alcohol  passed  through  the  furnace  at  the  rate  of  25  g.  per  hoar 
gave  at  325®,  350®,  and  355®,  a  recovery  of  98%  by  weight  of  alcohol 
containing  small  amounts  of  unidentified  substances.  When  carboo 
dioxide  was  passed  through  with  the  alcohol  at  262®  and  at  300®,  all  of 

"  Sabatier.  "Die  Katalyse/'  Akad.  Verlagsgesellscbaft  M.  B.  H.  in  Leipci^  IM 
p.  170. 
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the  alcohol  was  recovered  unchanged.  At  350°  and  355°,  there  was  a 
slight  evolution  of  ethylene,  and  98%  of  the  alcohol  was  recovered.  In 
each  of  the  7  experiments  which  were  conducted  over  this. catalyst,  the 
recovered  alcohol  contained  a  trace  of  impurity,  which  decolorized  bromine 
water  and  gave  a  slight  turbidity  when  the  alcohol  was  diluted  with  water. 
This  was  soluble  in  ether  but  on  evaporating  the  solvent  there  remained 
behind  an  insufficient  quantity  of  material  for  identiikration.  The  above 
results  indicate  that  the  titanium  dioxide  used  in  our  work  had  practically 
no  dehydrating  effect  upon  ethyl  alcohol,  and  also  that  it  does  not  acceler- 
ate a  reaction  between  the  alcohol  and  carbon  dioxide 

The  blue  oxide  of  tungsten  was  found  to  be  the  most  active  of  the  4 
catalysts  investigated,  and  in  the  following  table  are  recorded  the  results 
of  7  experiments  with  this  oxide.  In  each  experiment  100  g.  of  alcohol 
was  used  and  the  vaporization  was  at  the  rate  of  about  20  g.  per  hour. 


Absolute 

Temperature 

Recovered  alcohol 

Purity 

Alcohol  recovered 

••c. 

G. 

% 

O. 

276 

94 

96 

90 

300 

86 

87 

75 

325 

82 

85 

70 

360 

72 

77 

55 

250 

97 

98 

95 

300 

82 

88 

72 

350 

62 

67 

42 

The  last  3  experiments  were  conducted  with  a  stream  of  carbon  dioxide 
passing  through  thejtube  with  the  alcohol  during  the  dehydration. 


3 

S" 
•s 

S 


360* 


30^  3*0* 

Temperature. 

Fig.  2. — Dehydration  of  ethyl  alcohol  by  various 

catalysts. 

In  Fig.  2  are  shown  curves  indicating  the  amounts  of  aqueous  alcohol 
recovered  when  100  g.  of  absolute  alcohol  was  led  over  the  various  cata- 
lysts at  different  temperatures.  Pumice  showed  no  activity  at  400**. 
Titanium  dioxide  was  without  action  up  to  365**,  the  highest  temperature 
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employed,  while  thoria  and  the  blue  oxide  of  tungsten  decomposed  alcohol 
at  temperatures  of  300^  or  lower.  A  comparison  of  these  two  catalysts 
is  shown  in  Pig.  3,  where  the  curves  are  plotted  from  data  covering  ex- 
periments in  which  the  recovered  aqueous  alcohol  was  analyzed  to  de- 
termine  its  content  of  absolute  alcohol.  Prom  Pigs.  2  and  3,  it  is  $ippsitnt 
that  at  lower  temperattues  the  catalytic  activity  of -the  blue  ande  of 
tungsten  is  greater  than  that  of  thoria,  although  at  higher  temperatures 
they  approach  the  same  value. 


iW 


Fig.  3.- 


joo*  3;jo*  34Cr 

Temperature. 
-Destruction  of  absolute  alcohol. 


VbO* 


In  operating  with  any  of  the  above  catalysts  and  ethyl  alcohol,  the  main 
product  of  dehydration  was  ethylene.  No  trace  of  ether  was  detected 
in  any  of  the  experiments,  but  small  traces  of  other  products  were  found. 
In  almost  every  instance  acetaldehyde  was  shown  to  be  present.  The 
amounts  of  this  material  were  quite  small  at  the  lower  temperatures, 
but  when  the  temperature  reached  360^,  appreciable  amounts  were  pro- 
duced by  each  catalyst,  including  thorium  dioxide,  despite  the  statement 
of  Sabatier  that  thoria  is  exclusively  a  catalyst  of  dehydration. 

It  has  been  stated  that  no  ether  was  produced  in  any  of  the  experiments 
conducted,  but  in  certain  cases  when  thoria  or  the  blue  oxide  of  tungsten 
was  employed,  there  was  produced  from  alcohol  a  very  small  amount  of 
an  unidentified  liquid  boiling  between  30^  and  40^.  This  liquid  was 
lighter  than  water  and  immiscible  with  it.  It  did  not  dissolve  in  alkali, 
reduce  ammoniacal  silver  solution,  interact  with  phenylhydrazine,  nor 
decolorize  bromine  water.  It  btuned  with  a  colorless  flame,  and  had  a 
peculiar  musty  odor. 

When  operating  over  thoria  at  325^  in  the  presence  <A  carbon  dioxide, 
a  2%  yield  was  obtained  of  a  liquid  distilling  between  80^  and  1I0^ 
when  the  temperature  of  the  furnace  was  raised  to  425^,  this  fractkn 
constituted  about  10%  of  the  recovered  material,  and  boiled  between  80^ 
and  95^.  It  was  lighter  than  water  and  immiscible  with  it.  Furtiier 
examination  of  this  material  showed  it  to  consist  chiefly  <A  acetal,  mixed 
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with  unchanged  alcohol.  The  presence  of  carbon  dioxide  seemed  to  pro- 
mote the  formation  of  this  product,  which  might  result  from  the  dehydro- 
genation  of  alcohol  under  the  influence  of  thoria,  yielding  acetaldehyde, 
which  could  then  condense  with  the  excess  of  alcohol.  Its  complete 
synthesis  may  be  expressed  as  follows. 

CHjCHiOH  — ►  CHjCHO  +  H, 
CHiCHO  +  2  CH»OH  — ►  CH,CH(OCH,)t  +  H,0 

The  Decomposition  of  Carbon  Disulfide 

Pure,  dry  carbon  disulfide,  when  vaporized  over  pimiice  or  over  the  blue 
oxide  of  tungsten,  suffered  little  or  no  decomposition.  At  400®  there  was 
a  slight  discoloration,  due  to  the  formation  of  a  trace  of  brown,  resinous 
material.  When  carbon  dioxide  was  passed  through  the  ftunace  with  the 
carbon  disulfide,  there  was  no  reaction  as  long  as  the  gases  were  perfectly 
dry.  But  if  moisture  was  present  in  any  amount,  or  if  the  contact  mass 
was  not  perfectly  dry,  then  hydrogen  sulfide  was  always  produced  in  di- 
rect proportion  to  the  amount  of  water  present.  It  was  thought  possible 
that  some  carbon  oxysulfide  might  be  evolved  from  this  reaction,  as  had 
been  observed  by  Meyer  and  Schuster"  at  a  higher  temperature,  but  analy- 
sis of  the  gas  failed  to  reveal  any  such  reaction  product. 

The  Interaction  of  Stiiyl  Alcoholand  Carbon  Disulfide 
Absolute  alcohol  was  mixed  with  purified  carbon  disulfide  in  the  pro- 
portion of  two  moles  of  the  former  to  one  mole  of  the  latter.  When  this 
mixture  was  passed  over  pumice  at  a  rate  varying  between  20  g.  and  40 
g.  per  hour,  the  weight  of  the  recovered  liquid  varied  between  91%  and 
98%  of  that  employed.  In  each  case,  the  formation  of  hydrogen  sulfide 
was  observed,  but  analyses  revealed  no  carbon  oxysulfide.  The  hydrogen 
sulfide  doubtless  resulted  from  the  interaction  of  the  carbon  disulfide 
with  the  small  amount  of  water  present  in  the  alcohol.  When  carbon 
dioxide  was  passed  through  the  furnace  along  with  the  vapor  mixture, 
it  exercised  no  appreciable  infiuence  on  the  course  of  the  reaction. 

When  the  alcohol-carbon  disulfide  mixture  was  passed  over  Thoria 
C  at  300  "*  the  recovered  liquid  represented  82%  of  the  weight  of  the  origi- 
nal material.  At  400**  only  about  45%  was  recovered.  The  evolution 
of  hydrogen  stilfide  was  much  greater  at  the  higher  temperature,  which 
temperature  was  also  productive  of  a  considerable  quantity  of  ethyl 
mercaptan,  resulting  from  the  condensation  of  alcohol  with  the  hydrogen 
sulfide  generated.  This  condensation  forms  one  mole  of  water,  which 
may  again  react  with  more  carbon  disulfide  for  the  further  production 
of  hydrogen  sulfide,  so  that  a  trace  of  water  in  the  original  alcohol  would 
su£Sce,  theoretically,  for  the  conversion  of  the  entire  mixture  into  car- 

>7  Mesrer  and  Schuster,  Ber.,  44,  1931  (1911). 
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bon  dioxide  and  ethyl  mercaptan.    In  practice,  however,  only  moderate 
quantities  of  mercaptan  were  obtained. 

High-boiling  liquids  were  obtained  from  this  reaction,  but  in  small 
quantities.  Of  this  product,  very  little  boiled  between  100**  and  160°, 
but  the  fractions  between  160°  and  228°  were  considerably  larger.  All 
fractions  were  specifically  Ughter  than  water  in  which  they  were  insoluble. 
The  higher  fractions  were  partially  or  totally  insoluble  in  hydrochloric 
acid  and  in  potassium  hydroxide  solution,  but  soluble  in  benzene  and  in 
alcohol.    All  possess  a  very  nauseating  odor. 

Titanium  oxide,  in  the  light  of  its 
inactivity  toward  ethyl  alcohol,  gave 
surprising  results  when  used  as  a 
catalytic  mass  with  mixtures  of  alco- 
hol and  carbon  disulfide.  The  rate 
of  passage  through  the  furnace  va- 
ried between  13  g.  and  18  g.  of  liquid 
per  hour.  At  225°  the  liquid  recov- 
ered represented  94%  of  the  weight 
of  the  original  amount  used.  At 
300°  this  value  dropped  to  84%,  and 
at  355°  and  360°  the  recovery  repre- 
sented 50%  and  46%,  respectively,  of 
the  original  weight.  Large  quanti- 
ties of  hydrogen  sulfide  were  evolved 
in  each  experiment  and  the  yield  of 
pure  ethyl  mercaptan  at  360°  with 
this  catalyst  was  about  10%. 

High-boiling  liquids  were  produced 
in  the  presence  of  this  catalyst,  simi- 
lar to  those  produced  with  thoria,  but 
the  yields  were  very  much  smaller. 
The  distillation  of  fractions  above  80  ° 
Fig.  4.— Comparative  distillation  of  high-  {j.^^  ^hese  two  products  is  shown 
boiling  Uquids  produced  by  the  action  of  y^^i      j^    Fig.    4.       The    most 

catalysts  upon  a  mixture  of  alcohol  and  ^     '^  .  .         .  ..     , 

carbon  disulfide.  promismg  feature  of  the   titamum 

oxide  curve  is  the  section  represent- 
ing 16%  of  material  boiling  within  a  range  of  15°  between  165°  and  180°; 
but  as  there  was  only  10  cc.  of  this  liquid,  its  purification  was  not  at- 
tempted. Whether  we  are  dealing  here  with  thiocarbonate  combina- 
tions remains  to  be  established. 

The  blue  oxide  of  tungsten  shows  a  very  different  behavior  from  that 
of  thoria  and  titanium  oxide.  At  265  °  there  was  very  little  reaction  during 
vaporization  of  the  mixture  of  alcohol  and  carbon  disulfide.    A  small 


20       fo       40      eo 

Percentage  of  liquid  distilled. 
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amount  of  hydrogen  sulfide  was  evolved,  but  the  91%  of  recovered  liquid 
contained  no  reaction  product  that  could  be  isolated.  At  300°  there  was 
an  89%  recovery  of  liquid,  which  contained  a  trace  of  mercaptan,  while 
a  mixture  of  hydrogen  sulfide  and  ethylene  was  evolved.  When  the  tem- 
l>erature  was  raised  to  325°,  gaseous  evolution  increased,  and  the  recovered 
liquid  represented  80%  of  the  original  weight,  and  contained  only  a  small 
amotmt  of  mercaptan.  At  360°  there  was  vigorous  evolution  of  ethylene 
and  hydrogen  sulfide,  and  66%  by  weight  of  the  liquid  was  recovered. 
This  material  separated  into  two  layers,  a  phenomenon  not  observed  with 
the  other  catalysts.  This  shows  the  pronounced  dehydrating  action  of 
this  catalyst,  in  that  enough  water  was  produced  to  throw  the  carbon  di- 
sulfide out  of  the  alcoholic  solution.    Production  of  mercaptan  by  this 


ZW  320* 

Temperature. 
Fig.  5. — Gaseous  products  of  the  action  of  various  catalysts  upon 
a  mixture  of  carbon  disulfide  and  ethyl  alcohol. 


catalyst  was  far  inferior  to  that  by  thoria  and  titanium  oxide,  but  the 
ethylene  production  was  much  greater.  The  presence  of  carbon  dioxide 
seemed  to  exert  no  influence  on  the  course  of  the  reaction. 

Comparison  of  the  activity  of  these  four  contact  catalysts  is  not  an  easy 
matter.    It  has  been  however,  shown  that  the  following  5  reactions  occur. 

CO2  +  2  H2S  (1) 


CS,  +  2  H2O 
CHsOH  +  HjS 
C,H»OH  — J 
CHiCHO  +  2  HO.CiH*  - 
C2H6OH  — 


-^  H,0  +  CiHftSH  (2) 

H,  +  CHiCHO  (3) 

-^  H,0  +  CH,CH(OCH»),  (4) 

►  H2O  +  CH4  (5) 


There  are  also  numerous  other  possible  reactions,  including  the  formation 
of  thio-esters,  as  indicated  in  the  following  equations. 
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2  C1H5OH  +  CSi  — ►  H,S  +  CaHiO.CS.OCH»  (6) 

2  CiHiOH  +  CSi  — ►  H,0  4-  CiH,S.CS.OCH,  (7) 

In  Pig.  5  is  shown  the  production  of  gas  from  mixtures  of  alcohol  and 
carbon  disulfide  passing  over  catalysts  at  various  temperattues.  (Equa- 
tions 1,  3,  5).  Pumice,  as  would  be  expected,  is  quite  inert;  but  titanium 
dioxide,  which  has  been  shown  to  exert  almost  no  catalytic  influence  on 
ethyl  alcohol  alone  (Equations  3  and  5),  shows  the  formation  of  a  large 
amount  of  volatile  products.  This  may  be  due,  then,  to  the  formation 
of  hydrogen  sulfide  (Equation  1),  which  supposition  is  confirmed  by  the 
relatively  large  production  of  mercaptan,  as  shown  in  Equation  2. 

The  blue  oxide  of  tungsten  has  been  shown  to  be  a  much  more  active 
dehydrating  agent  toward  ethyl  alcohol  alone  than  the  other  catalysts 
employed,  and  yet  the  amount  of  volatile  products  from  the  mixture 
is,  according  to  Pig.  5,  much  less  than  was  produced  by  thoria  or  by  ti- 
tanium oxide.  This  fact  would  indicate  that  the  blue  oxide  of  tungsten 
functioned  in  a  series  of  reactions  which  produced  a  maximmn  of  water 
and  a  minimtun  of  gaseous  products.  Or  it  may  be  possible  that  a  reaction 
occtured  between  these  gaseous  products,  whereby  they  were  transformed 
into  non-volatile  compounds.  Whether  or  not  any  ethyl  esters  of  carbon 
disulfide  were  formed,  as  indicated  in  Equations  6  and  7,  was  not  proved. 
A  small  amount  of  high-boiling  material  was  found  in  almost  every  ex- 
periment, but  a  su£5cient  quantity  of  this  material  was  never  obtained  to 
permit  the  isolation  of  any  pure  compound. 

Summary 

1.  Alcohol  vapors  alone,  or  in  the  presence  of  carbon  dioxide,  may  be 
passed  over  pumice  at  500**  without  undergoing  appreciable  decomposition. 

2.  By  strongly  calcining  thoria,  or  by  prolonged  heating  at  a  lower 
temperature,  this  oxide  may  be  inactivated  for  dehydration  of  ethyl  al- 
eohol. 

3.  Thoria  is  not  exclusively  dehydrating  in  its  action  upon  ethyl 
alcohol.  Under  certain  conditions  a  considerable  amotmt  of  aldehyde  is 
produced  by  dehydrogenation. 

4.  The  titanium  oxide  employed  as  a  catalyst  effected  practically  no 
dehydration  of  ethyl  alcohol  at  temperatures  up  to  356**. 

5.  The  blue  oxide  of  tungsten  at  lower  temperatures  is  a  much  more 
active  catalyst  for  the  production  of  ethylene  than  is  thoria,  but  at  higher 
temperatures  they  are  practically  of  equal  efficiency. 

6.  No  ether  was  produced  from  alcohol  in  the  presence  of  any  of  the 
catalysts. 

7.  By  operating  over  thoria  in  the  presence  of  carbon  dioxide,  a  con- 
siderable quantity  of  acetal  was  formed  from  ethyl  alcohol. 

8.  Pure,  dry  carbon  disiJfide,  when  vaporized  over  ptmiice  or  over  the 
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blue  oxide  of  ttmgsten,  suffers  no  decomposition  at  temperatures  up  to 
400°.  A  trace  of  moisture,  liowever,  causes  decomposition  and  the  evo- 
lution of  hydrogen  sulfide. 

9.  In  the  presence  of  any  of  the  three  metallic  oxides  employed  as 
catalysts^  a  mixttu^  of  absolute  alcohol  and  carbon  disulfide  produced 
considerable  quantities  of  ethyl  mercaptan.  Titanium  dioxide,  which 
had  been  almost  without  action  upon  alcohol  alone,  proved  the  mo^t 
active  catalyst  for  this  esterification.  This  new  method  may  be  advan- 
tageous for  the  S3mthesis  of  certain  mercaptans. 

10.  Prom  alcohol  and  carbon  disulfide,  amotmts  of  high-boiling  liquids 
were  obtained,  but  in  quantities  too  small  for  identification.  We  obtained 
no  other  evidence  of  the  formation  of  esters  of  thiocarbonic  acids  by  inter- 
action of  alcohol  and  carbon  disulfide. 

N8W  Havsn,  CONNBCncUT 

[  Contribution  prom  ths  Burbau  op  Standards  op  the  Dspartmbnt  of  Cohmsrcs] 
ABIETIC  ACID  AND  CERTAIN  METAL  ABIETATES' 
By  Lawrbncb  L.  Stbslb 

Received  Pebnuury  3, 1922 

Introduction 
Abietic  acid  is  the  name  most  commonly  given  to  the  crystalline  ma- 
terial made  by  treating  ordinary  rosin  with  alcohol  or  other  organic  sol- 
vents. Many  years  ago  Maly*  expressed  the  view  that  rosin  was  essentially 
the  anhydride  of  abietic  acid,  but  his  idea  has  not  been  generally  accepted. 
Recently  Knecht  and  Hibbert'  have  presented  strong  evidence  in  favor 
of  the  anhydride  theory  for  rosin.  Prom  the  assumption  that  rosin  is 
an  acid  anhydride,  a  new  method  for  the  preparation  of  abietic  acid  has 
been  developed  by  which  a  pure  product  can  be  made  more  easily  and  in 
larger  yield  than  by  the  older  published  methods.  Some  physical  and 
chemical  data  of  the  product  will  be  given  together  with  a  description  of 
the  preparation  of  several  metallic  abietates  with  their  analyses  for  metal 
content. 

Methods  for  the  Preparation  of  Abietic  Acid 

The  method  of  Maly*  has  been  used  extensively  for  preparing  abietic  add.  Rosin 
is  heated  with  70%  alcohol,  whereby  after  some  hours  it  partly  dissolves  and  partly 
crystallizes.  The  impure  oystals  are  treated  in  the  same  way  with  dil.  alcohol  a  number 
of  times  and  finally  repeatedly  reoystallized  from  strong  alcohoL  The  method  is 
tedious  and  the  yield  of  pure  product  is  very  low. 

1  Published  by  permission  of  the  Director  of  the  Bus^u  of  Standards. 

>Maly,  Ann.,  149,  244  (1869). 

» Knecht  and  Hibbcrt.  /.  Soc.  Dyers  Colour.,  is,  150  (1919). 

«  Maly,  /.  prakL  Chem.,  86,  HI  (1862). 
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Levy^  fractionally  distilled  rosin  in  a  vacuum  and  crystallized  the  distillate  from 
methyl  alcohol.  The  product  melted  at  178-182''  and  was  probably  an  isomer  of  the 
add  prepared  from  rosin  without  distillation. 

Cohn*  heated  powdered  white  rosin  with  methyl  alcohol  and  a  small  proportion  of 
strong  sulfuric  add.  The  mixtture  partly  solidifies  to  an  impure  crystal  mass  of  abietic 
add  which  is  washed  and  recrystaUized  from  pure  methyl  alcohol.  The  product  by  this 
method  is  liable  to  be  contaminated  with  a  yellow  impurity,  hard  to  remove,  probably 
formed  by  the  action  of  the  sulfuric  add  upon  impurities  in  the  rosin. 

Knecht  and  Hibbert^  dissolved  rosin  in  glacial  acetic  add  and  allowed  the  solution 
to  stand  for  a  week,  whereby  abietic  add  separated  and  was  filtered  off  and  recrystaUized 
approximatdy  20  times  from  acetic  add,  methyl  alcohol  and  ethyl  alcohol.  This 
method  is  tedious  and  the  yidd  of  pure  product  is  low. 

Description  of  a  New  Metiiod  for  the  Preparatioii  of  Abietic  Add 

If  the  view  that  rosin  contains  abietic  anhydride  is  accepted,  it  follows 
that  in  all  the  methods  for  the  isolation  of  abietic  acid  from  rosin,  the  proc- 
ess is  essentially  one  of  hydration.  The  fact  that  rosin  is  hydrated  by 
a  solvent  containing  water  was  proved  by  the  following  experiments. 
In  2  flasks  equal  weights  of  rosin  were  dissolved  by  heating  in  approxi- 
mately the  same  weight  of  98%  acetic  acid.  One  flask  was  then  set  aside 
while  the  contents  of  the  other  flask  were  boiled  vigorously  under  a  reflux 
condenser  for  2  hours.  The  contents  of  both  flasks  were  then  brought  to 
room  temperature  and  a  few  crystals  of  abietic  acid  added  to  each  flask. 
In  a  short  time  crystallization  started  in  the  flask  which  had  been  heated 
for  the  period  of  2  hours  and  after  several  hours  this  flask  was  nearly  filled 
with  crystals.  The  contents  of  the  other  flask  did  not  crystallize  to  an 
appreciable  extent,  even  after  standing  for  3  da)rs.  It  was  evident  that 
the  rosin  was  hydrated  by  heating  with  the  98%  acetic  acid.  The  fol- 
lowing method  for  the  preparation  of  abietic  acid  from  rosin  was  developed 
after  a  series  of  experiments. 

Seven  hundred  g.  of  white  rosin  (WW  or  WG  grade)  in  small  liunps* 
was  boiled  with  500  cc.  of  98%  acetic  acid  for  2  horns  under  a  reflux  con- 
denser. The  mixture  was  then  filtered  while  hot  through  a  large  plaited 
filter  paper  and  the  filtrate  cooled  to  room  temperature  or  lower.  A  few 
crystals  of  abietic  acid  were  added  to  start  crystallization  or,  when  none  of 
this  product  was  available,  the  solution  was  allowed  to  stand  overnight, 
this  whereby  spoiitaneons  crystallization  took  place.  If  the  solution  was 
"seeded"  with  abietic  add,  it  usually  started  to  crystallize  withip  an  hour 
and  the  liquid  became  a  solid  mass  of  crystals  after  standing  overnight. 
The  product  was  filtered  on  a  Buchner  funnel  with  suction  and  the  filtrate 
set  aside  for  a  second  crop  of  crystals.    The  material  on  the  filter  was 

•Levy.  Z.  anorg,  Chem,,  18,  1739  (1905). 

•  Cr^n.  Ckem.  Ztg„  40,  791  (1916). 
'  Ref.  3,  p   151. 

•  Rosin  which  nas  stood  in  powdered  form  for  considerable  lengths  of  time  becomes 
partially  oxidized  and  is  mi^ititable. 
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sucked  as  free  from  mother  liquor  as  possible  and  washed  with  successive 
portions  of  cold  alcohol  (9  parts  by  volume  of  95%  ethyl  or  denattu-ed 
alcohol  to  one  part  of  water)  until  the  filtrate  was  practically  colorless. 

The  yield  of  air-dried  product  was  usually  about  350  g.,  counting  the 
second  crop  of  material  recovered  from  the  mother  liquor.  Some  of  the 
product,  prepared  as  above,  was  placed  on  a  bit  of  porous  porcelain  plate 
and  washed  with  a  little  strong  alcohol.  This  material  when  dried 
and  powdered  showed  a  melting  point  of  15&-159**.  Some  of  the  product 
was  recrystallized  from  95%  alcohol  and  then  was  found  to  melt  at 
158-162  **.  These  crystals  had  been  washed  thoroughly  with  the  dil.  alcohol 
and  dried  in  a  vacuum  before  the  melting-point  determination  was  made. 
A  material  of  melting  point  161-165**  resulted  from  a  second  crystalliza- 
tion in  the  same  manner,  while  after  a  third  crystallization,  the  product 
was  unchanged  in  melting  point.^ 

The  melting-point  determinations  were  made  with  a  totally  immersed 
calibrated  thermometer  by  the  common  capillary-tube  method.  A  rate 
of  heating  of  approximately  1^  rise  per  minute  was  used,  the  sample 
being  introduced  into  the  bath  at  a  temperature  of  150^. 

Glacial  acetic  acid  (98%)  was  found  to  be  more  efficient  than  alcohol 
for  recrystallizing  impure  abietic  acid.  For  example,  100  g.  of  the  crude 
acid  was  dissolved  by  heating  in  100  cc.  of  acetic  acid  and  filtered  while 
hot  to  remove  suspended  matter.  The  filtrate  was  cooled  and  constantly 
stirred,  whereby  a  fine  crystal  meal  was  deposited.  This  product  was 
filtered  with  suction  and  washed  with  the  wash  alcohol  described  above 
until  the  washings  were  practically  colorless.  The  yield  of  material  in 
this  crystallization  was  approximately  80  g.,  which  was  considerably 
higher  than  the  yield  from  98%  alcohol. 

Physical  and  Chemical  Data  of  the  Abietic  Acid  Prepared  by  the  New 

Method 

Crystallographic  Measurements. — ^Through  the  kindness  of  Dr.  H. 
E.  Merwin  of  the  Geophysical  Laboratory  of  the  Carnegie  Institution  of 
Washington,  crystallographic  measurements  of  some  crystals  of  abietic 
add  from  alcohol  were  made  and  reported  as  follows. 

"The  crystals  are  sharply-bounded,  three-sided  tables  with  angles  of  approximately 
46^  and  90^.  Most  faces  of  6  that  were  measured  showed  only  fair  or  poor  reflections, 
but  identity  with  abietic  add  as  described  by  Graber  was  established  with  regard  to 
habit  and  angles  and  also  optical  propertito  (as  below).  An  unlisted  form  lOl  having 
small  faces  and  giving  good  reflections  was  observed.  The  form  m(l  10)  was  represented 
by  small  rough  faces.  The  measurements  are  summarized  thus:  a(100)A/i  (llO)  ■=47* 
29';  a(100)A  c(001)  =68*»  22';  c(001)A(T01)  =48**  1'  (calculated  48**  29');  a(100)A«(Tll) 
«70*  7'. 


•  There  is  good  evidence  that  abietic  add  commences  to  form  anhydride  at  tem- 
peratures near  its  mdting  point  and  hence  the  observed  mdting  point  b  not  sharp. 
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Under  the  microscope,  tables  lying  flat  on  (100)  show  the  plane  of  the  optic  axes 
parallel  to  the  long  edge,  therefore  to  (010);  the  obtuse  bisectrix,  y,  emerges  about  15° 
from  the  center  of  the  field;  tables  standing  vertical,  resting  on  the  long  edge,  extinguish 
at  13  **  or  14°,  and  a  is  in  acute  angle  /9.  The  refractive  indices,  measured  by  means  of 
the  petrographic  microscope  with  a  probable  error  not  exceeding  * 0.003,  are:  a  =  1.510, 
3  =  1.578,  7  =  1.618.    These  were  not  previously  known." 

Optical  Rotation  Measurements. — ^Through  the  kindness  of  Mr. 
C.  P.  Snyder  <rf  the  Sugar  Laboratory,  Bureau  of  Standards,  a  meastune- 
ment  of  tlie  optical  rotatory  power  of  a  sample  of  abietic  add  thrice 
crystallized  from  alcohol,  was  made  in  alcoholic  solution.  Approximately 
10  g.  of  the  acid  in  100  cc.  of  absolute  ethyl  alcohol  gave  a  reading  of 
\af^  8  _gO.O^.  This  value  ^[rees  closely  with  the  rotation  measure- 
ment of  [a]  —77. 9®  reported  by  Schulz*"  on  a  sample  of  abietic  acid  pre- 
pared by  treating  American  rosin  in  alcoholic  solution  with  hydrochloric 
acid. 

Iodine  Value  by  the  Wijs  Metiiod. — ^The  Wijs  iodine  number  was 
determined  upon  a  sample  of  abietic  acid  thrice  crystallized  from  alcohol 
and  dried  in  a  vacuum.  The  Wijs  solution  was  prepared  as  in  the  standard 
method  for  the  determination  of  the  iodine  number  of  shellac.  Samples 
weighing  approximately  0.2  g.,  dissolved  in  10  cc.  of  chloroform,  were 
mixed  with  25  cc.  of  the  Wijs  solution  and  the  reaction  allowed  to  run  for 
one-half  hour  in  the  dark  at  different  temperatures. 

At  0**  the  iodine  value  was  153.2,  152.7;  at  22-23^  166.8,  169.3; 
and  at  25-26^  it  was  168.5,  171.1. 

The  theoretical  iodine  value  for  abietic  acid,  assuming  the  presence  of 
two  double  bonds,  is  167.9.  Abietic  acid  appears  to  require  very  nearly 
two  molecules  of  halogen  for  saturation. 

Acid  Value. — ^The  acid  number  of  a  sample  of  abietic  acid  (melting 
point  161-165**)  was  determined  by  titration  in  alcoholic  solution  with 
standard  alkali,  using  phenolphthalein  as  an  indicator;  1.336  g.  of  ma- 
terial required  19. 6  cc.  of  alkali  (1  cc  =0. 01265  g.  of  potassium  hydroxide) 
corresponding  to  an  add  number  of  186.  The  theoretical  acid  number 
for  a  monobasic  acid  of  formula  CsoHaoQs  is  185. 6. 

Study  of  Certain  Metallic  Abietates 

Discussion  of  Metallic  Abietates. — Manganese  and  cobalt  resinates, 
made  by  adding  a  solution  of  a  salt  of  one  of  these  metals  to  a  solution  of 
the  sodium  soap  of  rosin,  are  important  commercial  products  used  as 
driers  in  paint  oils  and  varnishes.  EUingson^^  in  1914  prepared  a  number 
of  metallic  derivatives  of  abietic  acid  and  reported  that  in  ne^ly  every 
case  the  metallic  abietates  were  acid  salts.  For  example,  he  found  the 
metal  content  of  the  manganese  derivative  to  be  4. 92%,  while  the  normal 

» Schulz,  Chem,  Ztg.,  41,  666  (1917). 

"  Ellingson,  This  JoxTRNAt,  36,  325  (1014). 


Digitized  by  LjOOQ IC 


ABmnC  ACID  AND  METAL  ABIBTATES  1337 

salt  should  contain  8.35%.  The  cobalt  derivative  was  likewise  reported 
to  contain  a  very  much  lower  percentage  of  metal  than  the  theoretical 
content  of  the  normal  salt.  On  the  other  hand,  there  are  commercial 
manganese  and  cobalt  salts  of  rosin  sold,  with  an  advertised  metal  con- 
tent in  each  case,  which  corresponds  more  closely  to  a  normal  salt. 

A  study  of  the  abietates  of  lead,  manganese,  cobalt,  nickel,  iron  and 
chromium  was  made,  in  order  to  settle  the  question  whether  these  salts 
are  normal,  acid  or  basic  in  character. 

Preparation  and  Analysis  of  Metallic  Abietates 

Metallic  abietates  were  prepared  from  abietic  acid  by  the  following 
general  procedure. 

Freshly  recrystallized  acid  was  dissolved  in  about  10  times  its  weight 
of  denatured  alcohol  and  nearly  neutralized  by  the  addition  of  a  calculated 
amount  of  strong  sodium  hydroxide  solution  of  known  strength.  The 
solution  was  then  titrated  to  a  faint  pink  color  with  dil.  alcoholic  sodium 
hydroxide  solution,  using  phenolphthalein  as  an  indicator.  This  neutral 
abietate  solution  was  then  poured  slowly,  with  stirring,  into  a  solution  of 
a  salt  of  the  desired  metal  dissolved  in  40  to  50  times  its  weight  of  distilled 
water.  A  50%  excess  of  the  metallic  salt  was  used  in  order  to  ensure 
complete  precipitation  of  the  abietate.  The  resulting  soap  was  thrown 
down  as  an  amorphous,  more  or  less  flocculent  precipitate,  which  was 
filtered  on  a  Biichner  fimnel  and  washed  thoroughly  with  water  until 
free  from  soluble  material.  In  cases  where  the  product  formed  a  gelatinous 
cake  on  the  filter,  it  was  found  advantageous  to  transfer  it  to  a  dish  and 
chum  it  with  water.  This  mixture  was  then  filtered  again  on  the  same 
funnel. 

The  thoroughly  washed  product  was  dried  in  small  portions  in  a  vacuum 
in  order  to  avoid  oxidation.  The  wet  precipitate  was  placed  in  a  heavy- 
walled  test-tube  and  connected  with  an  oil  vacuum  pump,  with  a  drying 
tower  of  fused  calcium  chloride  between  the  tube  and  the  pump.  In 
order  to  hasten  the  drying,  the  tube  was  placed  in  a  water-bath  at  80-90**, 
whereby  the  greater  part  of  the  moisture  was  rapidly  removed.  The  last 
traces  of  water  were  held  rather  tenaciously  by  the  metallic  soap  and  several 
hours  were  found  to  be  necessary  for  complete  drying  of  the  product. 

When  the  metallic  abietates  had  been  partially  dried,  the  vaporization 
of  the  remaining  moisture  caused  the  particles  to  fly  about  violently,  and 
a  wad  of  absorbent  cotton  was  necessary  in  the  mouth  of  the  tube  to  pre- 
vent loss. 

In  case  there  were  large  aggregates  of  material  formed,  they  were  broken 
up  with  a  spatula  and  the  dr3ring  then  continued.  When  the  abietates 
were  dry  there  was  no  further  flying  of  particles  observed,  upon  shaking 
the  evacuated  and  heated  tube.    The  dried  metallic  soaps  were  somewhat 
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hygroscopic  and  slowly  absorbed  oxygen  from  the  air,  especially  in  the  case 
of  the  manganese  and  cobalt  derivatives.  For  this  reason  the  dried  prod- 
ucts were  either  kept  in  an  evacuated  tube  or  used  promptly. 

A  description  of  the  preparation  of  the  individual  abietates,  with  analy- 
ses for  their  metal  content,  follows. 

Lead  Abietate. — ^Lead  abietate  was  prepared  from  sodium  abietate  and  c.  p.  re- 
agent lead  nitrate.  The  product  was  pure  white  when  fresh,  but  changed  to  a  light 
yellow  on  continued  exposure  to  air  for  several  weeks.  It  was  analirzed  by  decomposing 
a  weighed  sample  in  a  Kjeldahl  flask  with  sulfuric  add,  using  small  quantities  of  nitric 
add  to  oxidize  organic  matter.  The  nitric  add  was  subsequently  removed  through  di- 
lution with  water  and  heating  until  the  sulfuric  add  reached  the  fuming  point.  The 
lead  was  determined  as  sulfate  by  the  standard  method. 

Analyses,    Calc.  for  Pb(CMH«Ot)f :  Pb,  25.69.    Found:  24.69,24.71. 

Approximately  1.5  g.  of  lead  abietate  was  ashed  at  low  temperature  in  a  nickd 
crudble,  the  ash  extracted  with  distilled  water  and  the  mixture  filtered.  The  filtrate 
was  found  to  be  alkaline  with  phenolphthalein  as  an  indicator  and  when  titrated  hot 
with  0.05  N  sulfuric  add,  required  0.27  cc.  for  neutralization.  This  corresponded  to 
nearly  0.5  mg.  of  sodium  hydroxide,  equivalent  to  4.4  mg.  of  sodium  abietate.  It  was 
apparent  that  the  lead  abietate  contained  approximatdy  0.25%  of  sodium  abietate, 
possibly  in  an  induded  form  in  the  predpitate. 

Manganese  Abietate. — Manganese  abietate  was  prepared  from  sodium  abietate 
and  c.  p.  reagent  manganese  sulfate.  The  freshly  predpitated  product  was  white  with 
a  pinkish  tinge,  while  the  material  after  drying  w^s  a  light  flesh  color.  It  was  analyzed 
for  metal  content  by  ashing  a  0.5-g.  sample  in  a  porcelain  crucible,  dissolving  the  ash  in 
mineral  add,  and  titrating  the  manganese  by  the  standard  bismuthate  method. 

Analyses,    Calc.  for  Mn(CjoHf»Oi)j:  Mn,  8.35.    Found:  8.17,  8.20. 

Approximatdy  0.7  g.  of  manganese  abietate  was  ashed  at  low  temperature  in  a 
nickd  crudble,  the  ash  extracted  with  distilled  water  and  the  mixture  filtered.  The 
filtrate  gave  no  color  with  phenolphthalein,  which  indicated  that  the  manganese  soap 
contained  no  appreciable  amount  of  sodium  abietate  as  an  impurity. 

Cobalt  Abietate. — ^Cobalt  abietate  was  prepared  from  sodium  abietate  and  c.  p. 
reagent  cobalt  chloride  (labded  to  contain  only  0.18%  nickd).  The  wet  material  was 
a  deep  lavender  color,  while  the  dried  abietate  was  pale  lavender,  which  turned  to  a 
dirty  gray  after  an  expostu-e  of  several  days  to  the  air.  This  change  was  due  to  oxida- 
tion: for  example,  approximately  0.9  g.  of  the  product  gained  in  weight  9  mg.  during  an 
exposing  to  air  on  the  steam-bath  for  one  hour. 

Cobalt  abietate  was  analyzed  for  metal  content  by  ashing  a  1-g.  sample  in  a  porcelain 
crudble,  dissolving  the  ash  in  mineral  add  and  determining  cobalt  in  the  solution  as 
metal  by  dectrolysis. 

Analyses,    Calc,  for  Co(C»oH2»Oi)»:  Co,  8.91.    Found:  8.44,8.46. 

Approximately  0.6  g.  of  cobalt  abietate  was  ashed  at  low  temperature  in  a  nickel 
crudble,  the  ash  extracted  with  distilled  water  and  the  mixture  filtered.  The  filtrate 
reacted  alkaline  to  phenolphthalein  and  required  three  drops  of  0.05  normal  add  for 
neutralization.  It  was  evident  that  the  cobalt  abietate  contained  only  a  trace  of  sodium 
abietate  as  an  impurity. 

Nidrel  Abietate. — ^Nickd  abietate  was  prepared  from  sodium  abietate  and  c.  p. 
reagent  nickd  chloride  (labded  to  contain  a  "trace"  of  cobalt).  The  dried  product 
was  light  green  and  did  not  alter  visibly  on  expostu-e  to  air.  It  was  analyzed  for  metal 
content  by  decomposing  a  1.5-g.  sample  in  a  Kjddahl  flask  with  sulf uric-nitric  add  mix* 
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ture  and  precipitating  nickel  in  the  resulting  solution  by  the  glyoxime  method.  Another 
sample  was  ashed  in  a  porcelain  crucible,  the  ash  dissolved  in  mineral  add,  and  the 
nickel  determined  by  electrolysis. 

Analyses.  Calc.  for  Ni(CioHMOi)j:  Ni,  8.87.  Found:  glyoxime  method,  7.68, 
7.69;  by  electrolysis,  7.67. 

Another  sample  of  nickel  abietate  was  prepared  frcnb'  sodium  abietate  and  c.  p. 
nickel  acetate  (containing  0.07%  of  cobalt).  Analyses  was  made  by  ashing  a  sample 
in  a  porcelain  crucible,  dissolving  the  ash  in  mineral  add  and  determining  nickel  by  the 
glyoxime  method. 

Analyses,    Found:  Ni,  8.04,  8.13. 

Approximatdy  0.9  g.  of  nickd  abietate  was  ashed  at  low  temperature  in  a  nickel 
crudble,  the  ash  extracted  with  disdlled  water  and  the  mixture  filtered.  The  filtrate  was 
alkaline  to  phenolphthalein  and  when  titrated  hot  with  0.05  N  sulfuric  add,  required 
0.88  cc.  for  neutralization.  This  corresponded  to  nearly  1.75  mg.  of  sodium  hydroxide, 
equivalent  to  14.2  mg.  of  soditun  abietate.  It  was  evident  that  the  nickel  abietate  con- 
tained approximatdy  1.6%  of  sodium  abietate  as  an  impiuity. 

Chromium  Abietate. — Chromium  abietate  was  prepared  from  sodium  abietate 
and  c.  p.  reagent  chromitun  potassitun  sulfate.  The  dried  product  was  a  dirty  green  and 
was  anal3rzed  for  metal  content  by  ashing  a  sample  in  a  porcelain  crudble,  efifecting 
solution  of  the  chromic  oxide  by  a  fusion  method,  and  determining  chromium  by  an 
electrometric  titration. 

Analyses,    Calc.  for  Cr(C2oHMOi)j:  Cr,  5.44.    Found:  1.97,  2.03. 

Iron  Abietate. — Iron  abietate  was  prepared  from  sodium  abietate  and  c.  p.  re- 
agent ferric  alum.  The  dried  product  was  light  brown  and  was  analyzed  for  metal  con- 
tent by  ashing  a  sample  in  a  porcdain  crudble,  effecting  solution  of  the  ferric  oxide  by  a 
fusion  method,  and  titrating  the  iron  by  the  standard  permanganate  method.  Another 
sample  was  predpitated  as  hydroxide  and  ignited  to  oxide. 

Analyses,    Calc.  for  Fe(CioH,»Oi)s:  Fe,  5.82.    Found:  2.44,2.59,2.41. 

Approximatdy  1  g.  of  iron  abietate  was  ashed  in  a  nickd  crudble,  the  ash  extracted 
with  water  and  the  mixture  filtered.  The  filtrate  was  alkaline  to  phenolphthalein  and 
required  0.55  cc.  of  0.502  N  add  for  neutralization,  corresponding  to  0.011  g.  of  sodium 
hydroxide  or  0.0894  g.  of  sodium  abietate.  It  was  evident  that  the  iron  abietate  con- 
tained approximately  9%  of  sodium  abietate  as  an  impurity. 

The  condiision  was  drawn  that  neither  the  iron  nor  the  chromium  abietate  corre- 
sponds to  a  normal  salt,  but  that  they  both  contain  an  excess  of  abietic  add.  It  is  wdl 
known  that  aqueous  solutions  of  chromium  and  ferric  iron  are  hydrolyzed  and  hence 
show  an  appreciable  hydrogen-ion  concentration.  It  is  probable  that  when  a  neutral 
solution  of  sodium  abietate  is  added  to  a  chromium  or  iron  solution,  a  combination  of 
some  abietate  and  hydrogen  ions  takes  place  with  the  formation  of  insoluble  abietic 
add,  while  a  corresponding  amount  of  metallic  hydroxide  forms.  If  this  latter  is  in 
a  colloidal  condition,  it  may  be  subsequently  removed  during  the  washing  of  the  pre- 
dpitate.  At  the  same  time  there  may  be  the  usual  combination  of  iron  or  chromium  ions 
with  abietate  ions  to  form  the  insoluble  metallic  abietates,  so  that  the  final  product  may 
be  essentially  a  mechanical  mixture  of  abietic  add  and  ferric  or  chromium  abietate, 
contaminated  with  small  amounts  of  sodium  abietate. 

The  preparation  of  iron  and  chromium  abietate  in  an  organic  medium  was  attempted 
in  the  hope  that  here  a  normal  salt  would  result.  Ferric  chloride  was  dissolved  in  95% 
alcohol  and  the  solution  added  slowly  to  a  neutral  alcoholic  solution  of  sodium  abietate 
until  no  further  precipitate  was  formed.  The  buff  colored  product  was  filtered  on  a 
BQchner  funnel  with  suction  and  washed  with  alcohol  until  free  from  ferric  chloride. 
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The  dried  product  was  analyzed  for  metal  content  by  ashing  a  sample  in  a  porcelain 
crucible,  dissolving  the  ferric  oxide  in  mineral  add,  and  titrating  iron  by  the  standard 
permanganate  method. 

Analyses.  Calc.  for  Pe(Cf<»HsfOi)t:  Fe,  5.82.  Calc.  for  Pe(OH)  (Cf«HitOi)i:  Pe, 
8.27.    Pound:  7.25,7.23. 

The  product  was  completely  soluble  in  cold  benzene  and  in  cold  raw  linseed  oil, 
giving  a  deep  red  solution  in  each  case.  Another  lot  of  the  same  material  prepared  in  an 
identical  manner  showed  on  analjrsis  an  iron  content  of  7.60%. 

The  conclusion  can  be  drawn  that  a  basic  ferric  abietate  of  indefinite  formula  was 
formed  by  the  interaction  of  ferric  chloride  and  sodium  abietate  in  alcoholic  solution. 

A  solution  of  chromium  chloride  in  95%  alcohol  was  added  slowly  to  an  alcoholic 
solution  of  sodium  abietate  until  there  was  no  further  formation  of  precipitate.  The 
product  was  filtered  with  suction,  washed  with  alcohol  and  then  with  water,  and  dried 
in  a  vacuum.  The  bluish-green  product  was  analyzed  for  metal  content  by  ashing  in  a 
porcelain  crucible,  fusmg  the  chromic  oxide  with  sodium  peroxide  and  titrating  the 
chromate  by  the  regular  dichromate  method. 

Analyses.  Cak.  for  Cr(Ci(»HsfOi)t:  Cr.  5.44.  Calc.  for  Cr(OH)i(CttHsfOi) :  Cr* 
13.42.    Pound:   14.93,  15.16. 

The  product  was  found  to  be  practically  insoluble  in  benzene.  The  conclusion 
can  be  drawn  that  a  basic  chromium  abietate,  containing  at  least  two  hydroxyl  groups, 
was  formed  by  the  interaction  of  chromium  chloride  and  sodium  abietate  in  alcoholic 
solution. 

Discussion  of  Results 

It  was  found  that  all  of  the  metallic  abietates  described  above  were 
soluble  in  benzene  (with  the  exception  already  noted  of  the  basic  chromium 
salt).  This  fact  would  indicate  the  absence  of  any  appreciable  amount 
of  metallic  hydroxide  in  the  products.  The  metallic  content  found  for  the 
manganese  and  cobalt  abietates  corresponded  closely  to  that  of  the  normal 
salt.  The  lead  and  nickel  derivatives  were  only  slightly  lower  in  metal 
content  than  required  for  the  corresponding  normal  salts.  The  nickel 
abietate  precipitated  from  nickel  acetate  solution  was  slightly  higher  in 
metal  content  than  the  material  precipitated  from  nickel  chloride  solution. 
Possibly  there  may  have  been  more  hydrolysis  in  the  case  of  the  chloride 
than  in  the  case  of  the  acetate. 

The  iron  and  chromium  abietates  prepared  in  aqueous  solution  contain 
an  excess  of  abietic  add.  A  possible  reason  for  this  has  already  been  dis- 
cussed. 

The  attempt  to  prepare  normal  abietates  of  iron  and  chromium  by 
precipitation  in  alcoholic  solution  resulted  in  the  formation  of  strongly 
basic  salts  of  more  or  less  indefinite  composition. 

Summary 

1.  A  new  method  for  the  preparation  of  abietic  add  from  rosin  is  de- 
scribed, and  physical  and  chemical  data  of  the  product  are  givea 

2.  Certain  metallic  derivatives  of  abietic  acid  are  discussed  and  a  de- 
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scription  is  given  of  the  preparation  of  lead,  manganese,  cobalt,  nickel, 
iron  and  chromium  abietates  from  pure  abietic  add. 

Acknowledgment  is  made  to  Messrs.  Bright,  Hickson  and  Scherrer 
of  the  Bureau  staff  for  their  assistance  in  the  analysis  of  the  metallic  abie- 
tates. 

Washington,  D.  C. 

[Contribution  prom  ths  Dbpartmbnt  op  Chemistry,  Yai«b  Univbrbity] 
THE    SPONTANEOUS   DECOMPOSITION    OF    IMIDO    ESTERS 
By  Treat  B.  Johnson  and  Lawrhncs  W.  Bass 

Received  March  4.  1923 

It  is  well  known  that  imido  esters  are  extremely  susceptible  to  hydro- 
lytic  change  with  formation  of  the  corresponding  oxygen  esters  or  add 
amides  respectively,  and  that  they  cannot  be  distilled  at  ordinary  pressure 

HsO 
^NH       — ►  RCOOCiH,  +  NH, 
RCf 

N)Caii  — ►  RCONH,  +  CHjOH 
HsO 

without  undergoing  dissociation  into  a  nitrile  and  alcohol.  This  dissocia- 
tion has  also  been  observed  to  take  place  at  ordinary  temperature,  and  it 

HN=JIC— OCH,  — ►  RCN  +  CH,OH 

seems  to  be  quite  characteristic^  also  for  the  transformation  to  proceed 
beyond  the  nitrile  stage  and  as  a  final  result  for  the  latter  to  undergo  al- 
most complete  polymerization  to  its  trimolecular  form.  In  fact,  Pinner* 
recommends  as  the  best  method  of  preparing  cyaphenine  (CeH^CN)!  to 
allow  crude  undistilled  benzimido-ethylether  to  undergo  spontaneous 
decomposition  at  ordinary  temperature.  Wheeler,  Walden  and  Met- 
caK *  state  that  pure  benzimido-methylether  can  be  kept  for  months  with- 
out change. 

A  most  interesting  and  striking  fact  in  connection  with  these  dissocia- 
tions is  the  pronounced  tendency  for  the  nitriles  to  undergo  polymeriza- 
tion. Ordiiuuily  these  compounds,  when  free  from  impurities,  are  not 
characterized  by  their  instability,  and  where  polymerization  has  been 
observed  it  has  quite  generally  been  induced  by  the  action  of  a  variety 
of  polymerizing  reagents  such  as  sulfuric  acid,  metallic  sodium,  and  alumi- 
num chloride,  or  by  heating  at  high  temperatures.^ 

>  Clock,  Ber.,  21,  2652  (1888). 

>  Pinner,  ibid.,  22,  1611  (1889). 

*  Wheeler,  Walden  and  Metcalf,  Am.  Chem.  J.,  20,  68  (1898). 

*  Pinner  and  Klein,  Ber.,  11,  764  (1878).  Lottermoser,  /.  praki.  Chem.,  [2]  54^ 
1331  (1901).  Frankland  and  Evans,  /.  Chem.  Soc.,  37, 563  (1880).  Eitner  and  Krafft, 
Ber.,  25,  2267  (1892).  SchoU  and  Noir,  ibid.,  33,  1055  (1900).  Meyer  and  Nfibe, 
J.  praJu.  Chem.,  [2]  82,  536  (1910).    Francis  and  Davis,  /.  Chem.  Soc.,  85, 250  (1904). 
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In  imido  ester  decompositions  we  have  only  one  dissociation  product 
to  influence  the  pol3anerization,  namely,  alcohol;  therefore  in  such  cases 
one  might  explain  the  tendency  to  pol3anerize  as  being  due  to  the  unsatu- 
rated condition  of  the  nitrile  at  the  moment  of  dissociation  of  the  imido- 
ester  molecule.    This  unsattu'ation  may  be  expressed  as  follows. 

N— H 
^  '    — ►  CtH»C  =  N  — ►  CtH,C  =  N  or  (C,H,CN)t 

C«H»C OCH,  : 

I  li  III  IV 

In  other  words,  polymerization  to  cyaphenine  IV  takes  place  before  the 
free  valences  of  the  unsaturated  cyanide  group  II  have  readjusted  them- 
selves into  the  stable  condition  of  the  nitrile  molecule  III.  Both  changes — 
formation  of  nitrile  and  polymerized  nitrile — are  therefore  to  be  expected 
in  imido  ester  decompositions  at  ordinary  temperature.  The  rearrange- 
ment of  ordinary  benzonitrile  into  cyaphenine  under  the  influence  of 
polymerizing  agents  may  also  be  interpreted  as  a  case  of  disturbance  of 
valence  equilibrium  in  the  nitrile  by  the  catalyst,  giving  the  unstable  form 
II  which  then  immediately  pol3anerizes  to  a  cyclic  compound. 

Cai,C  =  N  ^^  CH,C  =  N  — >-  (CtH»CN)i 

II 

We  are  now  able  to  record  the  results  of  a  series  of  experiments  which 
add  further  interest  to  this  subject.  In  order  to  gain  further  data  re- 
garding the  stability  of  imido  ester  combinations  and  the  tendency  for 
nitriles  to  polymerize  to  cyaphenines.  Professor  Henry  L.  Wheeler  and 
T.  B.  Johnson  in  1900  prepared  fresh  samples  of  benzonitrile  and  the  fol- 
lowing imido  esters,  namely,  benzimido-methylester,  benzimido-ethylester, 
benzimido-wobutylester,  and  p-tolylimido-methylester.  They  purified  them 
very  carefully  by  distillation  under  diminished  pressure  and  then  sealed 
them  in  glass  containers  and  set  them  aside  for  future  observation.  These 
samples  were  examined  by  the  writers  in  February,  1922,  or  after  a  period 
of  storage  covering  22  years.  In  every  case,  with  the  exception  of  the 
specimen  of  benzonitrile,  we  foimd  heavy  crystalline  deposits  of  cyaphenine 
combinations  and  also  unaltered  nitrile.  The  pure  benzonitrile  showed 
no  evidence  of  polymerization  and  the  same  behavior  was  also  exhibited 
by  /7-tolylnitrile  which  has  been  preserved  in  our  cabinet  for  several  years. 
In  the  case  of  benzimido-methylester  this  reagent  had  undergone  practi- 
cally complete  decomposition  and  very  little  nitrile  was  present.  The 
cyaphenine  had  deposited  in  beautiful  prismatic  crystals,  some  of  which 
were  over  2  cm.  in  length.  They  melted  sharply  without  further  puri- 
fication at  229-230''. 

The  benzimido-^5(7butylester  and  the  corresponding  ethylester  had  not 
undergone  complete  dissociation.    Benzonitrile  and  its  poI]rnier  were 
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present  in  both  cases,  the  latter  having  deposited  in  glistening  prisms 
melting  at  229-230°.  From  tolylimido-methylester  we  obtained  almost 
a  complete  conversion  into  the  poljmierized  tolylnitrile.  This  compound 
(cyantoline)*  which  is  recorded  in  the  literature  as  crystallizing  in  needles, 
had  deposited  in  the  form  of  transparent  tabular  crystals  which  melted 
at  the  correct  temperatiu-e,  277°,  without  further  purification.  Needles 
were  also  observed  suspended  in  the  remaining  oil  but  the  quantity  was 
too  small  for  ascertaining  their  melting  point. 

At  what  time  the  decompositioh  of  these  esters  became  apparent  we 
have  no  reliable  data,  but  it  is  evident  from  otu*  observations  that  imido 
esters  of  the  t3rpe  examined  are  not  organic  combinations  which  can  be 
preserved  for  long  periods.  It  is  also  an  extremely  interesting  fact  that 
polymerization  of  the  nitrile  took  place  in  the  case  of  each  imido  ester, 
while  the  pure  nitrile  remained  unchanged  during  this  same  period. 
These  results  are  in  accord  with  the  assumption  that  dissociation  of  the 
imido  ester  leads  to  the  formation  of  a  labile  nitrile  containing  free  or  resid- 
ual valences,  which  rearranges  to  the  stable  nitrile  and  also  poljrmerizes 
to  cyclic  derivatives. 

New  Haven,  Connecticut 

[Contribution  from  the  Mellon  Institute  of  Industrial  Research,  Univbrsity 

OF  Pittsburgh] 

THE  STRUCTXJRE  OF  ELASTIC  GELS^ 

By  Robert  Herbcan  Bogue' 

Introduction 

Received  March  22,  1922 
The  structure  of  gels  is  a  problem  which  has  occupied  the  attention  of 
physical  chemists  since  the  inception  of  colloid  chemistry,  and  even  be- 
fore Graham  had  introduced  the  distinction  between  colloid  and  crystalloid. 
Frankenheim*  in  1835  and  von  Nageli^  in  1858  concluded  that  jellies  were  2-phased 
and  that  the  solid  phase  was  crystalline.  This  view  has  been  supported  by  von  Weimarn* 
and  Levites,*  and  is  at  present  championed  by  Bradford.^ 

•  Ber.,  33,  1055  (1900). 

»  Presented  before  the  Pittsburgh  Section  of  the  American  Chemical  Society, 
March  18,  1922. 

*  Industrial  Fellow  of  the  Mellon  Institute  of  Industrial  Research  of  Pittsburgh, 
and  Research  Chemist  for  Armour  and  Company,  of  Chicago. 

» Frankenheim,  "Die  Xehre  von  der  Kohasion,"  Breslau,  1835. 

*  von  Nageli,  "Pflanzenphysiologischen  Untersuchungen,"  Zurich,  1858. 
» von  Weimam,  Kolloid-Z.,  2,  76,  230,  275,  301,  326  (1908). 

•  Levites,  ibid.,  2,  161,  208, 237  (1908). 

'  Bradford,  The  "Physics  and  Chemistry  of  Colloids,  and  Their  Bearing  on  Indus- 
trial Questions."  Report  of  a  General  Discussion  held  jointly  by  the  Faraday  and 
Physical  Societies  of  London,  October  25,  1920.  H.  M.  Stationery  Office,  London, 
1921,  p.  44. 
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Bfitschli'  introduced  the  idea  that  there  were  definite  pores  in  a  jelly,  and  van 
Benunelen''  extended  this  conception  to  the  postulation  of  a  "cell-like  structure  of  definite 
form — changing  together  at  certain  points,  forming  a  network."  This  idea  of  a  net- 
work structure  in  gels  has  been  adhered  to  by  many  investigators,  but  from  somewhat 
variant  points  of  view.  Hardy  *^  concludes  from  a  microscopical  study  that  the  solid 
phase  consists  of  a  solid  solution  of  water  in  gelatin,  and  the  liquid  phase  a  solution  of 
gelatin  in  water,  and  that  gelation  consists  in  the  separation  of  the  sol  into  a  solid  open 
framework  with  an  interstitial  fluid  phase.  This  idea  is  accepted  by  Freundlich^^  and 
Anderson,  1*  and  in  essential  respects  by  Miss  Lloyd^'  and  Fischer.  ^^  Wo.  Ostwald'* 
injected  the  conception  of  a  2-phase  liquid-liquid  system,  and  Bancroft^*  has  adhered  to 
this  idea. 

Procter'^  has  discarded  the  2-phase  theory  of  gel  structure  and  postulated  the 
existence  of  a  solid  solution  of  the  exterior  liquid  in  the  colloid  in  which  both  constituents 
are  within  the  range  of  the  molecular  attractions  of  the  mass.  This  theory  vras  the  re- 
sult of  his  findings  that  in  a  gelatin: add:  water  system  equilibrium  resulted  from  the 
combination  of  the  gelatin  and  add  to  form  easily  dissociated  salts,  and  that  the  osmotic 
pressure  of  these  salts  and  the  Donnan  equilibrium  determined  the  volume  of  a  swollen 
jelly.  Loeb^*  has  carried  the  idea  of  Procter  to  a  further  explanation  of  colloidal  be- 
havior as  described  later. 

These  three  schools  of  thought  upon  colloid  structure  represent  the  present  status 
of  the  problem.  For  purposes  of  classification,  although  not  strictly  correct,  they  may 
be  referred  to  as  the  crystalline  theory,  the  coUoid  theory,  and  the  molecular  theory, 
respectivdy. 

The  concept  of  a  crystalline  structure  in  gels  has  been  studied  by  Scherrer**  who  has 
made  many  examinations  of  gds  by  means  of  the  Rontgen  photograph.  He  found  that 
certain  rigid  gds  as  silidc  and  stannic  adds  exhibited  well-marked  crystalline  inter- 
ference figures  in  addition  to  the  characteristics  of  amorphous  substances,  but  in  the  gel 
of  gelatin  the  crystalline  interference  figures  were  entirdy  ladcing.  These  different 
types  of  gels  possess  other  characteristic  dissimilarities.  The  gel  of  silidc  add,  for 
example,  devdops  on  dr3ring  pores  that  are  filled  with  air,  and  which  may  be  filled  by 
imbibition  with  a  liquid  other  than  the  original  solvent.'^  The  elastic  gels  such  as 
gelatin  do  not  develop  such  pores,  and  the  dried  gel  will  not  imbibe  a  foreign  liquid,  as, 
for  example,  benzene.  Harrison*^  has  even  succeeded  in  obtaining  spherical  coagulation- 
forms  of  starch  which  strongly  resemble  the  so-called  spherites  that  were  obtained  by 
Bradford  from  gelatin,  but  these  are  not  regarded  as  crystalline. 

•  Butschli,  "Untersuchungen  fiber  Structuren,"  Leipzig,  1898. 

•von  Bemmelen,  Z.  anorg.  Chem,,  18,  14  0898). 

»  Hardy,  Proc.  Roy.  Soc.,  66,  95  (1900). 

"  Freundlich,  "Kapillarchemie,"  Akademische  Verlagsgesellschaft  m.  b.  H.,  Ldp- 
ztg,  1909. 

"  Anderson,  Z.  physik  Chem,,  88,  191  (1914). 

»» Lloyd,  Biochem.  J.,  14,  147  (1920). 

»*  Fischer,  "Soaps  and  Protdns,"  John  Wiley  and  Sons,  New  York;  1921. 

»  Wo.  Ostwald,  Arch.  ges.  Physiol.  (Pflfiger's),  109,  277  (1905);   111,  681  (1906). 

"  Bancroft,  "Applied  CoUoid  Chemistry,"  McGraw-Hill  Co.,  New  York.  1921, 
pp.  239,  242. 

"Procter.   J.   Chem.   Soc,   105,  313   (1914). 

"  Loeb,  J.  Gen.  Physiol.,  3,  827  (1921);   4,  73,  97,  351  (1921-22). 

"Scherrer,  Machr.  Ges.  Wiss.  GoUingen,  1918,  p.  96. 

»  Hatschek,  Ref.  7,  p.  59. 

"  Harrison,  /.  Soc.  Dyers  Colourists,  32,  32  (1916). 
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It  seems  probable  from  the  differentiation  found  between  silidc  acid  and  gelatin 
gels  that,  as  Hatschek  has  observed,  there  are  many  kinds  of  structure  in  gels.  In  the 
present  paper  we  shall  concern  oturselves  only  with  the  elastic  gels.  The  theory  of 
Procter,  while  explaining  adequately  the  swelling  phenomena  of  gelatin,  does  not  account 
for  other  colloidal  behavior,  such  as  viscosity  fluctuations  with  time,  syneresis,  or  the 
process  of  gelation  itself. 

The  net  structure  hypothesis  meets  with  a  number  of  objections.  Not  least  in 
importance  is  the  failure  of  its  proponents  to  account  for  the  existence  of  such  a  structure. 
In  the  sol  form,  they  say,  the  structure  does  not  exist;  in  the  gel  form  it  does  exist. 
What  has  brought  about  the  change  and  why  was  it  produced?  The  sudden  appearance 
of  structure  must  be  accounted  for. 

Again,  it  is  afi&rmed  by  this  theory  that  the  jelly  consists  of  a  sponge-like  or  honey- 
comb structure  consisting  of  gelatin  as  a  continuous  solid  or  semi-solid  phase,  and  water 
(containing  inorganic  Ions  and  some  gelatin  molectdes  in  solution)  as  the  dispersed  phase. 
If  this  were  true  it  should  not  be  diffictdt  to  extract  the  water  by  moderate  pressures,  but 
this  cannot  be  done.  Reinke^  has  pointed  out  that  at  a  pressure  of  41  atmospheres 
the  gel  of  Lamtnaria  increases  in  volume  by  the  absorption  of  water  16%,  and  at  1 
atmosphere  330%.  Posnjak**  has  shown  that  at  377  cm.  of  mercury  gelatin  gel  increases 
in  voltmie  nearly  100%,  while  at  38  cm.  the  increase  is  over  250%.  Quincke**  and 
Hatschek^  have  shown  that  a  volume  contraction  accompanies  the  swelling  of  gelatin 
to  the  extent  of  nearly  2%,  and  Widemann  and  Ludeking*^  have  reported  that  5.7 
gram  calories  of  heat  were  liberated  by  the  swelling  of  1  g.  of  gelatin.  These  facts  are  not 
explained  by  the  assmnption  that  gelatin  swells,  like  a  sponge,  by  the  imbibition  of  water 
into  the  porous  structure  of  the  gel. 

It  should  also  be  urged  that  diffusion  and  conductivity  take  place  primarily  through 
the  continuous  phase  and  not  the  dispersed  phase  of  a  gel,  and  if  the  development  of 
the  structure  in  the  gel  necessitates  the  asstunption  of  a  reversal  of  phase,  as  assumed 
by  Fischer**  and  others,  it  is  diffictdt  to  understand  the  nearly  identical  degrees  of 
diffusion  and  of  conductivity  exhibited  by  the  sol  and  the  gel  forms,  as  pointed  out  by 
Graham*^  and  by  Arrhenius,*'  respectively. 

In  1920  the  writer^*  outlined  his  views  upon  the  structure  of  gelatin- 
water  systems.  There  has  since  that  time  been  so  much  wwk  of  a  more 
or  less  confirmatory  character  that  it  seems  desirable  to  restate  the  theory 
and  to  add  thereto  fiulher  postulations  based  upon  recent  work. 

Gelatin  sols  appear  to  consist  of  slightly  hydrated  molecules  tmited 
into  short  threads*®  resembling  streptococci.  These  threads  are  probably 
very  short,  but  should  be  capable  of  exhibiting  mechanical  elasticity  roughly 

'*  Referred  to  by  Hatschek,  "Introduction  to  the  Physics  and  Chemistry  of  Col- 
loids," J.  and  A.  ChurchDl,  London,  1913,  p.  56. 

»«  Posnjak.  KoUoidchem.  Beihefte,  3, 417  (1912). 

"Quincke,  Arch.  ges.  Physiol.   (Pfluger's),  3,  332  (1870). 

»  Ref.  22,  p.  55. 

*  Widemann  and  Ludeking,  Ann.  Physik,  N.  F.,  25,  145  (1885). 

"Graham,  Phil.   Trans.  Roy.  Soc.,  1864. 

*S.  Arrhenius.     See  Ref.  44. 

»  Bogue,  Chem.  Met.  Eng.,  23,  61  (1920). 

^  J.  Loeb  has  fotmd  that  the  assumption  of  a  few  united  molecules  accounts  for  the 
differences  in  the  osmotic  pressures  of  caldtun  and  sodium  gelatinates.  [J.  Gen. 
Physiol.,  I,  49Q  (1919).) 
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proportional  to  their  length.    Procter*^  thinks  that  at  70®,  the  solution 
probably  becomes  nearly  molecular. 

A  lengthening  of  these  threads  seems  to  take  place  as  the  temperature 
falls,  and  at  the  same  time  the  water-absorbing  power  of  the  gelatin  in- 
creases.*' This  accounts  for  the  rapid  increase  in  viscosity  with  drop 
in  temperature.  At  temperatures  above  40®  the  change  in  length  of  thread 
or  water  absorption,  per  unit  change  in  temperature,  is  small,  but  at  30°- 
20  ®  the  change  is  very  great.  A  solid  jelly  will  result  only  when  the  relative 
volume  occupied  by  the  swollen  molecular  threads  has  become  so  great 
that  freedom  of  motion  is  lost,  and  the  adjacent  heavily  swollen  aggregates 
cohere.  The  rigidity  seems  to  depend  on  the  relative  amount  of  free  sol- 
vent in  the  interstices  of  these  aggregates,  and  on  the  amount  of  solvent 
that  has  been  taken  up  by  the  gelatin  in  a  hydrated  or  imbibed  condition. 
The  resiliency  or  elasticity  is  probably  dependent  upon  the  length  and 
number  of  the  catenary  threads.  A  solution,  or  change  from  the  gel  to 
the  sol  form,  may  result  only  through  the  reversal  of  these  processes;  that 
is,  a  release  of  a  part  of  the  water  retained  by  the  heavily  swollen  mole- 
cules, and  a  partial  disintegration  of  the  long  enmeshed  fibrils  of  the  gel. 
Any  tendency  on  the  part  of  the  fibrils  towards  an  orientation  would  imply 
an  attractive  force  between  them  which  would  result  in  a  shrinkage. 
This  becomes  manifest  in  syneresis.  That  some  such  orienting  force 
does  exist  is  indicated  by  the  lenticular  form  of  bubbles  that  are  generated 
within  gels.  The  degree  of  swelling  that  may  be  produced  in  cold  water 
or  electrolyte  solutions  is  determined  by  osmotic  forces,  as  described  by 
Procter,  and  may  be  controlled  by  observing  the  principal  of  the  Donnan 
equilibrium  as  shown  by  Procter  and  by  Loeb. 

The  writer**  has  shown  that  the  gel  consistency  is  proportional  to  the  undegraded 
protein  present  in  a  gelatin  or  glue.  It  follows,  therefore,  that  the  unhydrolyzed  gelatin 
possesses  a  much  greater  water-absorbing  capacity  than  the  proteoses  or  peptones.  It  was 
also  pointed  out  that  the  viscosity  varied  apparently  with  the  size  of  the  colloid  aggregate 
in  the  solution.  The  present  theory  demands  that  viscosity  vary  with  the  degree  of 
water  absorption  (measured  by  the  rigidity  of  the  gel)  and  with  the  size  (length)  and 
number  of  the  colloid  fibrils  (measured  by  the  elasticity  of  the  gel*^),  and  also,  of  course, 
with  the  concentration  of  the  solute.  The  "melting  point"  was  shown**  to  be  deter- 
mined by  the  protein  content  and  was  found  to  give  a  "grading"  lyiag  between  that 
resulting  from  measurements  of  gel  strength,  and  of  viscosity  at  high  temperatures 
(60°).    Since  it  has  been  indicated  in  a  previous  paper**  that  "melting  point"  is  in  reality 

*i  Procter,    Ref.  7,  p.  41. 

**  Whether  or  not  this  is  real  hydration  is  undetermined.  McBain  and  Salmon 
[J.  Chem,  Soc.,  119,  1374  (1921)]  have  reported  an  increase  in  hydration  of  soap  upon 
a  lowering  of  the  temperature.  Jones  [Z.  physik,  Chem.,  74,  325  (1910)1  has  shown 
that  the  hydration  of  molecules  and  ions  increases  with  a  fall  in  temperature. 

»*  Ref.  29,  p.  105. 

*«  See  apparatus  of  Sheppard,  /.  Jnd.  Eng.  Chem,,  12,  1007  (1920). 

**  Ref.  29,  p.  64. 

*•  Bogue,  This  Journai.,  44,  1313  (1922). 
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only  a  transitional  period  between  the  sol  and  gel  forms,  and  in  this  paper  that  the 
transition  involves  only  a  change  in  the  water-absorbing  capacity  and  the  length  and 
number  of  the  colloid  molecule-threads,  it  follows  if  the  above  is  true  that  any  measure 
of  "melting  point"  will  indicate  a  resultant  between  the  effects  of  hydration  or  water 
absorption  and  of  length  or  ntunber  of  threads,  or,  differently  expressed,  a  resultant 
between  gel  strength  and  viscosity  at  high  temperatures,  which  is  exactly  in  conformity 
with  the  data  reported  in  an  early  paper. 

Fischer"  is  of  the  opinion  that  "the  phenomena  of  hydration  (swelling)  and  of 
'solution'  while  frequently  associated  are  essentially  different.  Hydration  is  to  be 
regarded  as  a  change  through  which  the  protein  enters  into  physico-chemical  combination 
with  its  solvent  (water);  'solution,'  as  an  increase  in  the  degree  of  dispersion  of  the 
coOoid."  This  is  in  satisfactory  agreement  with  the  ideas  expressed  above,  for  although 
we  do  not  consider  that  a  true  solution  may  exist  at  low  temperatuiies  on  account  of  the 
heavy  hydration  or  water  absorption,  yet  the  change  in  a  jelly  upon  conversion  to  a 
liquid  seems  to  involve  a  disintegration  of  the  colloid  aggregates  (increase  in  degree  of 
dispersion)  as  well  as  a  lessening  in  the  degree  of  hydration  or  water  absorption. 

The  recent  work  of  McBain  and  his  collaborators**  on  the  structure  of  the  sol,  gel» 
and  curd  of  soaps  is  of  especial  interest,  and  b  in  agreement  with  the  theory  outlined. 
They  report  that  in  soaps  "the  colloidal  particles  in  the  sol  and  gel  are  the  same,  but 
whereas  in  the  former  they  are  independent,  in  a  fully  formed  gel  they  stick  together 
probably  to  form  a  filamentous  structure."  They  further  add  that  "the  sol  and  gel  differ 
only  through  the  mechanical  rigidity  and  elasticity  of  the  gel  form."  That  is  predsely 
what  would  follow  in  gelatin  sol  and  gel  from  the  postulations  made  above,  and  is  a 
further  indication  of  the  gradual  nature  of  the  changes  which  obtain  in  the  sol-gel 
equilibrium  as  urged  in  the  previous  paper.  They  state  as  their  belief  that  a  filamentous 
structure  is  the  general  characteristic  of  soap  gels  as  distinguished  from  sob.  They 
regard  these  filaments,  however,  as  normally  amicroscopic  in  size,  while  in  the  curds  a 
probably  oystalline  formation  is  produced.  In  gelatin  S3rstems  the  curd  or  crystalline 
condition  is  not  known.  Harrison**  reports  that  he  has  obtained  ultramicroscopic 
photographs  of  gelatin  and  cellulose  gels  which  showed  them  to  consist  apparently  of 
"minute  portions  joined  together  in  a  somewhat  irregular  manner." 

Barratt^*  has  accepted  the  fibrillar  structure  theory  as  representing  most  adequately 
the  properties  of  elastic  geb,  and  reports  that  ultramicroscopic  examination,  when  it 
reveab  any  structure  at  all,  shows  the  gel  to  consbt  "not  of  liquid  droplets  enclosed  by 
(solid)  septa,  as  the  honeycomb  theory  requires,  but  of  a  mass  of  intersecting  fibrib, 
which  run  perfectly  straight,  and  are  united  at  their  points  of  intersection."  He  con- 
dudes  that  "the  real  structure  of  these  geb  b  a  fibrillary  network,  at  first  amicroscopic 
and  later  becoming  ultramicroscopic." 

A  gradual  and  regular  change  in  properties  accompanying  the  transformation  of  the 
sol  to  the  gel  or  the  gel  to  the  sol  also  supports  the  theory  of  structure  that  has  been  set 
forth.  Thb  gradual  and  regular  change  b  indicated  by  the  viscosity-plasticity  studies 
described  in  a  preceding  paper;**  by  the  finding  of  Walpole^^  that  the  refractive  index 
of  a  gelatin-water  system  is  a  linear  function  of  the  concentration,  and  when  plotted 
against  the  temperature  no  break  occurs  in  the  region  of  gelation;  by  the  conclusion 

•^  Fischer  and  Coffman,  This  Journal,  40,  304  (1918).  Fischer,  "Soaps  and  Pro- 
teins," John  Wiley  and  Sons,  New  York,  1921,  p.  219. 

**  Lamg  and  McBain,  /.  Chem,  Sac.,  117,  1506  (1920).  Drake,  McBam  and  Sal- 
mon, Proc.  Ray,  Sac.  London,  98A,  395  (1921). 

»»  Harrison,  Ref.  7,  p.  57. 

**  Barratt,  Biochem.  J.,  14, 189  (1920).     Ref.  7,  p.  49. 

*i  Walpole,  Kolloid'Z.,  13,  241  (1913). 
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of  McBain^*  that  the  sol  and  gel  fonns  of  soap  differ  only  in  the  formation  of  a  filamentous 
structure  which  accounts  for  the  different  properties  of  the  latter;  by  the  reports  of  C.  R. 
Smith**  that  mutarotation  exists  between  the  temperatures  16®  and  32®;  by  the  demon- 
stration of  Arrhenius**  that  the  conductivity  of  salt:  gelatin:  water  systems  was  the  same 
in  the  sol  and  the  gel  conditions;  and  by  the  findings  of  Thomas  Graham*^  that  the  rate 
of  diffusion  in  dilute  gels  was  approximately  the  same  as  in  pure  aqueous  solutions. 

It  is  also  of  interest  to  note  that  dibenzoyl-Z-cystine  which  has  recently  been  de- 
scribed by  Gortner,^  and  which  is  capable  of  forming  an  elastic  gel  at  concentrations  as 
low  as  0.2%,  was  also  shown  by  an  ultramicroscopic  examination  to  have»  in  the 
gel  condition,  a  fibrillar  structure. 

Specific  Influence  of  Electrolytes 

The  specific  effects  of'Jelectrolytes  upon  the  sol  aind  gel  forms  of  gelatin 
were  studied  in  a  special^series  of  experiments.    The  influence  of  hydrogen- 
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Fig.  1.— Influence  of  hydrogen-ion  concentration  on  the 
swelling,  viscosity  and  foam  of  gelatin. 


**  Laing  and  McBain,  Ref .  38. 

"  Smith,  This  Journaju.  41,  146  (1919);   Ref.  53. 

"  S.  Arrhenius,  Ofvers,  Stockh,  Akad.,  1885,  No.  6,  p.  121. 

^Gortner,    This  Journal,   43,   2199    (1921). 


Digitized  by  LjOOQ IC 


THS  STRUCTURB  OF  BLASTIC  GBLS 


1349 


ion  concentration  on  the  swelling*  viscosity,  jelly  consistency,  foam, 
turbidity  and  alcohol  number  was  investigated. 

The  technique  of  the  procedure  was  adopted  from  the  method  reported 
by  Loeb,**  and  is  described  in  detail  elsewhere.^ 

An  example  of  the  data  of  these  experiments  is  shown  graphically  in 
Figs.  1  and  2. 

It  will  be  observed  that  on  the  add  side  the  maximum  viscosity  and 
swelling  occur  at  a  Sorensen  value  (Ph)  of  3.0-3.5,  while  the  maximum 
jelly  consistency  is  at  a  Ph  of  4. (M.S.  All  of  the  properties  except 
turbidity  and  foam  appear  to  have  their  ttiitiiniiini  values,  and  these  two 
properties  their  maximum  values,  at  or  near  the  iso-electric  point,  Ph 
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Fig.  2. — Influence  of  hydrogen-ion  concentration  on  the 
alcohol  number,  gel  strength  and  turbidity  of  gelatin.  ♦ 

4.7-5.0.  If  add  is  present  in  excess  of  the  optimum  specified,  the  prop- 
erties again  decline.  On  the  alkaline  side  tiiie  properties  rise  with  in- 
creasing alkali  concentration,  but  only  at  very  high  values  of  hydrogen- 
ion  concentration  do  they  approach  those  reached  on  the  add  side.^^ 

«*  See  Bogue,  "The  Chemistry  and  Technology  of  Gelatin  and  Glue,"  McGraw- 
Hill  Co..  New  York,  1922. 

«'  Bogue,  J.  Ind.  Eng.  Chem.,  14,  32  (1922);  see  experiments  on  the  alkafine  side. 
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These  results  are  in  very  good  agreement  with  those  published  by  Loeb/^ 
Similar  experiments  were  performed  with  sulfuric,  phosphoric  and 
lactic  acids,  with  the  intent  of  noting  whether  all  acid  ions  behaved  similarly, 
or  in  what  respects  they  diffexed.  The  data  are  given  in  Fig.  3.  They 
show  that  phosphoric  and  lactic  adds  behave  qtiite  similarly  to  hydro- 
chloric acid,  while  the  swelling  and  viscosity  of  the  gelatin  is  much  lower 
in  the  case  of  sulfuric  add. 

The  most  probable  significance  of  such  behavior  has  been  shown  by 
Loeb,  from  a  study  of  the  relations  between  the  osmotic  pressure  and  con- 
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Fig.  3. — ^Effect  of  sulfuric,  phosphoric  and  lactic  adds  on  the 
gel  strength,  viscosity  and  swelling  of  gelatin. 

ductivily  of  such  solutions,  to  he  in  a  difference  in  the  electrical  charge 
upon  the  ions  in  question.  All  monobasic  acids  react  with  gelatin  re* 
suiting  in  the  formation  of  a  gelatin  salt  in  which  the  gelatin  is  positively 
charged,  and  all  mono-acid  bases  react  with  gelatin  resulting  in  the  for- 
mation of  a  metal  gelatinate  in  which  the  gelatin  ion  is  negatively  charged. 
Lactic  acid  is  monobasic  and  reacts  like  hydrochloric.  Phosphoric  acid 
is  tribasic,  but  the  secondary  and  tertiary  valence  force  is  so  slight  that  with 
«I<oeb,  /.  Gen.  Physiol.,  1,  39,  237,  363,  483,  669  (1918-19). 
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gelatin  the  acid  acts  only  as  monobasic,  so  on  treating  it  as  such  and  using 
molecular  equivalent  quantities  it  acts  as  does  hydrochloric.  Sulfuric  add 
is  dibasic,  and  Loeb  has  shown  that  both  valences  function  in  reactions 
With  gelatin.**  The  sweUing,  viscosity,  etc.,  of  gelatin  sulfate  are  conse- 
quently much  lower  than  those  of  the  corresponding  salt  of  a  monobasic 
add.  Ftuthermore,  on  the  add  side  of  the  iso-electric  point  gelatin  can 
combine  only  with  anions  and  is  uninfluenced  by  cations,  while  on  the  alka- 
line side  of  that  point  the  gdatin  can  combine  only  with  cations  and  is  un- 
influenced by  anions. 

A  ftuther  very  exact  study  was  made  of  the  effect  of  hydrogen-ion 
concentration  upon  viscosity,  using  gdatin  of  3  typical  kinds:  iso-elec- 
tric gelatin,  normal  gelatin  which  was  calcium  gelatinate  of  Ph  5.8,  and 
gelatin  chloride  of  Ph  3.5.  The  residts  of  these  experiments  have  been 
described  in  a  previous  report.  *°  They  show  the  same  behavior  as  the 
experiments  above  described,  but  at  varying  concentrations  of  gdatin. 

Discussion  of  Results. — ^The  foregoing  data  are  fotmd  to  furnish 
additional  evidence  in  favor  of  the  theory  that  has  been  described.  The 
swelling  may  be  taken  as  a  measure  of  the  water  absorption  or  hydration 
and  this  is  found  to  be  parallel  to  the  viscosity.  An  increase  in  viscosity 
must  be  due  to  an  increase  in  the  effective  volume  of  the  gelatin  in  the  so- 
lution. This  volume  is  obviously  at  a  minimum  at  the  iso-electric  point 
which  signifies  that  hydration  is  least  at  that  particular  hydrogen-ion 
concentration.  This  may  be  due  to  the  fact  that  at  that  hydrogen-ion 
concentration  gelatin  is  un-ionized  and  ions  appear  to  be  capable  of  greater 
hydration  than  un-ionized  molecides.*^  The  viscosity  of  iso-electric 
gelatin  increases  upon  standing,  however,  at  a  greater  rate  than  at  any 
other  hydrogen-ion  concentration,  and  this  appears  to  be  due  to  the  very 
marked  insolubility  of  the  gdatin  at  that  point,  for  the  tendency  of  the 
gelatin  molecules  and  colloid  fibrils  to  increase  in  size  by  flocculation  or 
polymerization  is  so  decided  at  the  iso-electric  point  that  it  is  easily 
observable  under  the  ultramicroscope.  It  is  especially  significant  to  ob- 
serve that  the  jelly  consistency  of  iso-electric  gelatin  (see  ctirves)  becomes 
very  low  at  that  point  which  also  indicates  a  low  degree  of  hydration. 

The  increases  in  viscosity  observed  by  raising  or  lowering  the  hydrogen- 
ion  concentration  from  the  iso-electric  point  are  apparently  attributable 
to  a  variation  in  the  degree  of  hydration  or  water  absorption,  as  shown 
by  the  parallelism  of  the  viscosity  and  swdling  curves.  The  sudden 
^*  The  primary  ionization  of  phosphoric  acid  is  about  fifty  thousand  times  the 
secondary  ionization,  and  this  in  turn  about  five  hundred  thousand  times  the  tertiary 
ionization.  In  the  case  of  sulfuric  acid,  however,  the  primary  ionization  is  only  about  33 
times  the  secondary  ionization.  (See  Stieglitz,  "Qualitative  Chemical  Analysis,"  The 
Century  Co.,  New  York,  I,  p.  104.) 

»»Bogue,  Tms  Journaju,  43,  1764  (1921). 
"  Jones,  Am.  Chem.  /.,  34,  291  (1905). 
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drop  in  both  viscosity  and  swelling  at  a  S5rensen  value  above  9  or  below 
3  seems  to  be  due  to  a  "solution"  or  breaking  down  of  the  colloid  molecule- 
threads,  and  this  disintegration  is  accompanied  by  a  corresponding  lessen- 
ing in  the  ability  of  the  smaller  aggregates  or  molecules  to  take  up  water 
in  hydrated  or  imbibed  form.  That  this  reasoning  is  justified  is  finther 
evidenced  by  the  known  inability  of  the  proteoses  and  peptones  to  become 
swollen  to  an3rthing  like  the  degree  attained  by  the  gelatin  aggregate. 

The  depressing  influence  of  inorganic  ions  on  the  swelling  and  viscosity 
of  the  gelatin  is  probably  partly  attributable  to  the  withdrawal  of  water 
from  the  hydrated  gelatin  by  these  ions.  And  since  the  high  viscosities 
are  due  to  the  heavily  swollen  gelatin  aggregates,  any  decrease  in  the  de- 
gree of  such  hydration  or  imbibition  must  be  reflected  by  a  drop  in  the 
viscosity  of  the  solution.  Divalent  ions  appear  to  be  capable  of  greater 
hydration  than  monovalent  ions  and  should  therefore  be  expected  to  be 
capable  of  withdrawing  lafger  amotmts  of  water  from  the  gelatin  particles. 
Prom  the  studies  of  Fischer  ^^  it  is  also  shown  that  divalent  base  soaps 
and  proteinates  dissolve  less  water  than  monovalent  ones. 

The  turbidity  curves  indicate  that  the  greatest  opacity  results  from  the 
largest  aggregates  of  least  swollen  particles.  This  maximum  of  opacity 
occurs  at  the  iso-electric  point.  Any  decrease  in  the  size  of  the  aggregates 
or  increase  in  the  water  absorption  results  in  greater  clarity  or  transparency 
of  the  solution. 

The  foaming  qualities  appear  to  be  influenced  in  a  manner  similar  to 
the  turbidity,  the  maximum  of  foam  being  obtained  at  the  iso-electric 
point.  This  is  exactly  what  would  be  expected  for,  since  the  foam  con- 
sists of  bubbles  of  air  retained  by  a  continuous  film,  only  molecules  that 
have  a  strong  tendency  to  adhere  to  each  other  would  be  efficacious  in 
film  formation.  At  the  iso-electric  point  gelatin  molecules  show  their 
maximum  tendency  to  form  large  aggregates. 

The  alcohol  number  is  at  its  minimum  value  near  the  iso-electric  point, 
and  rises  rapidly  to  infinity  on  the  acid  side  and  somewhat  less  rapidly 
on  the  alkaline  side.  Since  the  alcohol  number  refers  to  the  predpitability 
of  gelatin  by  alcohol  it  would  be  expected  that  the  larger  the  molecular 
aggregate,  and  the  less  the  water  content  of  the  aggregate,  the  more  readily 
would  such  precipitation  be  brought  about.  This  is  especially  significant 
in  that  alcoholic  precipitation  of  proteins  probably  consists  essentially 
of  a  dehydration  or  extraction  of  water.  Therefore,  in  systems  that  are 
only  slightly  hydrated,  precipitation  is  readily  brought  about  by  alcohol, 
but  in  systems  containing  large  amounts  of  absorbed  water  the  dehy- 
drating influence  of  added  alcohol  may  be  insufficient  to  effect  precipi- 
tation. 

"Ref.  14,  p.  14. 
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Mutarotation 

In  order  to  test  the  theory  further  the  data  of  C.  R.  Smith**  on  mutaro- 
tation were  examined  critically  in  their  applications  to  the  sol-gel  equilib- 
rium. The  change  in  specific  rotation,  or  mutarotation,  of  gelatin  solutions 
of  a  constant  concentration  upon  reduction  of  the  temperature  from  35® 
to  15®  was  fotmd  to  drop  off  very  markedly  with  a  decreasing  jelly  con- 
sistency of  the  gelatin  or  glue  employed.  That  is,  the  mutarotation 
was  highest  in  a  (3%)  solution  of  a  gelatin  which  was  capable  of  gelling 
(at  15®)  at  a  concentration  of  about  0.56%  and  very  low  in  a  (3%)  so- 
lution of  gelatin  which  would  gel  (at  15®)  only  when  the  concentration 
had  been  raised  to  2. 00%  or  higher.  To  have  a  more  concise  picture  of 
the  exact  relations  the  data  of  Smith  have  been  plotted,  the  ordinate  rep- 
resenting the  mutarotation  (15-36®)  and  the  abscissa  the  minimum 
amount  of  gelatin  required  to  produce  a  standard  jelly  at  15®.  This 
curve  is  shown  in  Fig.  4. 


.50  .60    70    .80    dO    too  I  ED  140  160  IBO         ZOO 

Fig.  4. — Mutarotation  and  jellying  power. 

There  are  many  minor  discrepancies  observable,  but  these  are  attribut- 
able to  the  failiu-e  of  the  method  employed  for  measuring  jelly  consis- 
tency** to  distinguish  between  rigidity  and  elasticity  of  the  gel.  The 
general  tendency  of  the  ciuve  is,  however,  incontrovertible. 

»» Smith,  /.  Ind.  Eng.  Chem.,  12,  878  (1920). 

**  A  standard  viscosity  which  would  permit  a  bubble  of  air  to  rise  through  a  tube 
of  the  gelatin  sol-gel  at  an  arbitrarily  selected  rate. 
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Since  the  jellying  power  of  a  gelatin  solution  has  been  shown''  to  be 
proportional  to  the  content  of  imhydrolyzed  protein  present,  it  follows  that 
the  mutarotation  is  also  proportional  to  the  protein  content.  We  have 
given  evidence  which  indicates  that  the  proteins  (of  gelatin)  are  capable 
of  vastly  greater  hydration  than  the  proteoses  and  peptones.  It  appears, 
thetefore,  necessary  to  conclude  that  the  mutarotation,  or  increase  in  spe- 
cific rotation  upon  reduction  in  temperature  (35  °  to  15  °)  must  be  dependent 
for  its  existence  upon  the  greatly  increased  water  absorption  and  aggre- 
gation or  polymerization  which  such  unhydrolyzed  proteins  are  found  to 
undergo  upon  similar  reductions  in  temperature. 

The  Occlusion  Theory 

Loeb^*  has  recently  questioned  the  whole  conception  of  hydration, 
in  the  sense  in  which  the  term  was  used  by  PauU,  at  least  in  so  far  as  it 
applies  to  solutions  of  the  proteins  (gelatin,  casein  and  crystalline  egg 
albumin),  and  finds  it  impossible  to  reconcile  the  results  of  his  experiments 
upon  the  viscosity  and  osmotic  pressiu-e  of  such  solutions  with  the  early 
hydration  theory. 

To  study  the  question  Loeb  performed  a  long  series  of  experiments 
with  solutions  and  suspensions  of  gelatin.  He  found  that  the  influence 
of  electrolytes  on  the  viscosity  of  suspensions  of  powdered  partides  of  gela- 
tin in  water  was  similar  to  their  influence  on  the  viscosity  of  solutions 
of  the  gelatin  in  water.  He  found  it  unnecessary  to  assimie  that  the  high 
viscosity  of  proteins  is  due  to  the  existence  of  a  different  type  of  viscosity 
from  tliat  existing  in  crystalloids,  but  that  such  high  viscosities  could  be 
accounted  for  quantitatively  and  mathematically  on  the  asstunption  that 
the  relative  volume  of  the  gelatin  in  the  solution  is  comparatively  high. 
And  since  iso-electric  gelatin  is  not  appreciably  ionized,  the  large  volume 
cannot  be  due  to  an  hydration  of  gelatin  ions,  Loeb  therefore  postulates 
that  the  high  volume  of  gelatin  solutions  is  ca:used  by  the  existence  in  the 
gelatin  solution  of  **submicroscopic  pieces  of  solid  gelatin  occluding  water, 
the  relative  quantity  of  which  is  regulated  by  the  Donnan  equilibrium." 
This  view  was  supported  by  experiments  on  solutions  and  suspensions  of 
casein  chloride  and  gelatin  chloride  in  which  it  was  shown  that  viscosity 
was  due  chiefly  to  the  swelling  of  solid  particles,  occluding  quantities  of 
water  regulated  by  the  Donnan  equilibrium,  and  that  the  breaking  up 
of  these  solid  particles  into  smaller  particles,  no  longer  capable  of  swelling, 
diminished  the  viscosity. 

Loeb  asks  why  such  substances  as  amino  adds  and  crystalline  egg 
albumin  behave  so  differently  from  gelatin.  But  such  substances  should 
not  be  expected  to  show  variations  in  degree  of  hydration  with  changes 
in  hydrogen-ion  concentration  of  a  nature  parallel  to  those  resulting  from 
similar  changes  in  gelatin  solutions.     The  writer*'  has  already  shovra 
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many  difPerences  in  fondamental  properties  between  true  gelatin,  pro- 
teose and  peptone.  Thus  the  swelling,  viscosity,  and  power  of  gelation 
vary  directiy  as  the  gelatin  content  (of  a  commercial  gelatin  or  glue), 
and  probably  as  the  size  of  the  gelatin  aggregate,  and  further  evidence 
has  been  given^^'^  that  these  variaUes  are  controlled  to  a  large  extent 
by  the  degree  of  hydration  or  imbibition. 

To  understand  the  importance  which  Loeb  attaches  to  his  Mrbole  argu- 
ment against  the  hydration  theory,  it  is  necessary  to  emphasize  tliat  the 
term  hydration  was  used  in  a  very  specific  sense.  By  it  Loeb  referred 
exclusively  to  the  hydration  conception  postulated  by  Kohlrausch  and 
extended  by  Pauli.**  According  to  this  conception  each  individual 
protein  ion  is  siurounded  by  an  enormous  shell  of  water  molecules,  while 
the  non-ionized  molecule  of  protein  has  no,  or  little,  such  a  shell.  If 
this  theory  were  correct,  the  variations  in  swelling,  viscosity,  osmotic 
presstffe,  etc.,  should  follow  the  variations  in  degree  of  ionization  of  the 
protein;  but  Loeb  has  shown  by  conductivity  measurements  that  this  is 
not  the  case. 

The  sense  in  which  the  term  hydration  has  been  used  in  the  present 
report  is  that  adopted  by  Wo.  Ostwald  and  Martin  Fischer  to  signify 
only  the  taking  up  of  water  by  the  protein  ions,  molecules,  or  particles, 
and  without  any  necessary  implication  upon  the  mechanism  of  such  combi- 
nation. Loeb  has  confined  his  argument  for  the  most  part  to  a  considera- 
tion of  the  intermolecular  mechanism  by  which  such  combinations  with 
water  may  be  most  satisfactorily  accotmted  for.  The  two  points  of  view 
seem  to  be  in  no  way  contradictory. 

Sunmiary 

The  several  theories  of  gel  structiu-e  have  been  reviewed  and  discussed, 
and  the  postulations  of  the  writer  that  were  made  in  1920  are  repeated  and 
amplified.  Many  contemporary  investigations  h^ve  been  found  to 
support  a  catenary  or  fibrillar  structure  hypothesis,  and  are  set  forth. 

The  premises  of  this  theory  are  as  follows.  The  sol  consists  of  slightly 
hydrated  or  swollen  molecules  united  into  short  chains.  When  the 
temperature  falls  the  threads  increase  in  length  and  number,  and  their 
power  of  water  absorption  increases,  resulting  in  an  increase  in  viscosity. 
A  solid  jelly  results  when  the  relative  volume  occupied  by  the  swollen 
molecular  threads  has  become  so  great  that  freedom  of  motion  is  lost, 
and  the  adjacent  heavily  swollen  aggregates  cohere.  The  rigidity  is 
dependent  upon  the  relative  amount  of  free  solvent  in  the  interstices  of 
the  aggregates,  and  on  the  amoimt  of  solvent  that  has  been  taken  up  by 
the  gelatin  in  a  hydrated  or  imbibed  condition.  The  resiliency  or  elas- 
ticity is  dependent  upon  the  length  and  number  of  the  catenary  threads. 
••  Personal  commtmicatioii  from  Jacques  Loeb, 
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Solutkm  is  the  reverse  of  gelation.    Swelling  is  determined  by  osmotic 
forces  and  the  Donnan  equilibrium. 

The  influence  of  electrolytes,  of  varying  hydrogen-ion  concentration, 
and  of  the  valence  of  the  combining  ion  has  been  studied  upon  several 
of  the  characteristic  properties  of  gelatin  and  found  to  be  entirely  in  agree- 
ment and  to  give  additional  evidence  in  support  of  the  theory  presented. 

Data  on  the  mutarotation  of  gelatin  were  found  to  be  in  accord  with  the 
theory. 

The  occlusion  theory  oi  Loeb  is  reviewed  and  found  not  to  be  out  of 
harmony  with  the  present  theory,  but  rather  to  explain  the  distribution 
of  absorbed  water  and  its  variation  with   hydrogen-ion   concentration 
mathematically  in  terms  of  the  Donnan  equilibrium. 
Pittsburgh,  Psnnsyi«vania 
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THE    REACTIONS    OF    THE    ARSINES.    H.    CONDENSATION 
OF   AROMATIC   PRIMARY   ARSINES    WITH   ALDEHYDES' 

By  Charlss  Shattuck  Palmer  wrrn  Roger  Adams* 

Received  March  23.  1922 

The  arsines,  in  spite  of  their  dose  relationship  in  constitution  to  the 
amines,  have  been  investigated  only  to  a  slight  extent.  The  known 
reactions  of  the  prhnary  arsines  are  limited  to:  (1)  the  ready  oxidation 
by  air  or  inorganic  oxidizing  agents  to  arseno  compotmds,  arsine  oxides 
or  arsonic  acids;'  (2)  the  replacement  of  hydrogen  bound  to  arsenic  by 
halogens  or  sulfur  by  treatment  with  halogens,  sulfur,  or  compounds 
which  readily  give  up  these  elements;*  (3)  the  formation  of  quaternary 
arsonium  halides  by  heating  with  alkyl  halides;*  (4)  the  condensation 
with  compounds  of  the  type  RAsO,  RSbO,  RAsClj,  RSbCU,  SbCU,  BiBr,, 
etc.,  to  jrield  compounds  of  the  type  RAs=AsR,  RAs=SbR,  RAs« 
BiBr,  etc.*    In  addition  might  be  mentioned  the  fact  that  the  arsines 

^  The  expenses  involved  in  the  research  described  in  this  communication  were 
partially  defrayed  by  funds  granted  by  the  United  States  Interdepartmental  Social 
Hygiene  Board. 

s  This  communication  is  an  abstract  of  a  thesis  submitted  by  Charles  Shattuck 
Palmer  in  partial  fulfilment  of  the  requirements  for  the  degree  of  Doctor  of  Philosophy 
in  Chemistry  at  the  University  of  Illinois.  It  also  includes  a  description  of  a  portion 
of  the  work  ofifered  by  the  following  men  in  fulfilment  of  the  requirements  for  the  de- 
gree of  Master  of  Science  in  Chemistry:  W.  A.  Carothers,  E.  E.  Parks,  G.  O.  Burr. 
J.  S.  Pierce. 

<  Ber„  34,  3597,  3599  (1901);  Am.  Chem,  /..  33»  124,  144,  149  (1905);  40»  105# 
(1908). 

«  Am.  Chem.  J.,  33,  126,  150  (1905);  40,  105  (1908). 

*Ibid.,  33,  128,  145,  152  (1905);   40,  112  (1908). 

•  Ibid.,  40, 108  (1908);  Ber.,  46, 3564  (1913).  Ger.  pat.  264,187;  269.743;  269,744; 
269,745;  270,259. 
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show  practically  no  basicity.  The  lack  of  study  of  the  more  common 
reactions  such  as  take  place  with  primary  amines  has  led  to  a  further 
investigation  of  the  arsines.  This  paper  reports  the  results  of  the  con- 
densation between  primary  aromatic  arsines  and  aldehydes. 

In  the  literature  may  be  found  two  instances  in  which  attempts  have 
been  made  to  condense  arsines  with  aldehydes.  The  first  is  a  statement 
by  Dehn^  that  formaldehyde  and  gaseous  methylarsine  do  not  react. 
It  is  also  stated  in  a  German  patent*  that  3-amino-4-hydrox3rphenylar- 
sine  reacts  with  benzaldehyde-m-sulfonic  add,  but  in  this  instance  only 
the  amino  group  reacts  with  the  aldehyde.  In  a  reliminary  article 
published  a  short  time  ago»*  it  was  pointed  out  that  phenylarsine  reacts 
readily  with  aldehydes  to  give  an  addition  compound  composed  of  two 
molecules  of  aldehyde  and  one  of  arsine.  Further  investigation  of  this 
reaction  has  shown  that  the  conditions  are  a  very  important  factor  in  the 
nature  of  the  products  obtained.  It  is  possible  to  cause  the  aromatic 
arsines  to  react  with  the  aldehydes  in  three  ways  as  illustrated  by  Equa- 
tions 1,  2  and  3. 

C«H^AsH,  +  2RCHO  — ►  C«H,As(CHOHR),  (1) 

O— CH.R 
2CeH,AsH,  +  4RCHO  — ►  C,H,As<^         NasC«H»  +  2RCHsOH  (2) 

R.CH— O 
C«H,AsHi  +  2RCHO  — ►  C«HiA*=AsC«H,  -|-  2RCH,0H  (3) 

The  first  reaction  takes  place  readily  to  give  yields  of  60-95%  when 
phenylarsine  and  an  excess  of  aromatic  or  aliphatic  aldehyde  and  a  little 
cone,  hydrochloric  acid,  with  or  without  a  solvent,  are  stirred  together 
vigorously  and  the  temperature  kept  down  by  means  of  ice  water.  For 
the  condensation  with  aromatic  aldehydes,  the  best  results  are  obtained 
by  the  use  of  anhydrous  hydrogen  chloride  but  this  method  cannot  be  em- 
ployed with  the  aliphatic  aldehydes.  These  products,  C«H6As(CH0HR)j, 
are,  in  general,  oils  in  the  aliphatic  series  and  solids  in  the  aromatic  series, 
and  possess  decided  stability  toward  water,  dil.  alkalies,  cold  or  hot, 
and  cold  dil.  adds.  This  behavior  forms  a  striking  contrast  to  that  of 
the  isomeric  esters^®  of  phenylarsenious  add,  C«H§As(0CH2R)i. 

The  substances  derived  from  aUphatic  aldehydes  and  from  some  of  the 
aromatic  aldehydes  are  oxidized  slowly  in  air  with  the  formation  of  an 
arsonic  add  and  aldehyde.  The  oxidation  goes  much  more  rapidly 
when  the  substances  are  dissolved  in  a  solvent  such  as  carbon  tetrachloride, 
even  causing  the  reaction  mixture  to  heat  up  tmder  these  conditions. 

2  RAs(CHOHR)2  +  30,  — ►  2  RAsO,H,  +  4RCH0 
Oxidizing  agents  such  as  potassium  permanganate  and  nitric  acid  cause 

'  Ddin,  Am.  Chem,  J.,  40,  108  (1908). 

•  Gcr.  pat.  272,035. 

•  Tras  JouRNAi,.  42,  2376  (1920). 
^Ann.,  320,  286  (1902). 
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the  decompositioa  of  both  the  aliphatic  and  aromatic  aldehyde  deriva- 
tives to  take  place  in  the  same  way  as  the  oxidation  with  air.  It  is  particu- 
larly noticeable  that  these  substances  with  oxidizing  agents,  halogens,  phos- 
phorus pentachloride,  and  phenylarsenious  chloride,  act  exactly  as  though 
they  were  mixtures  of  phenylarsine  and  aldehyde.  These  reactions  are 
described  in  more  detail  in  the  experimental  part  of  this  communication. 

The  aliphatic  derivatives  may  be  titrated  quantitatively  in  ether  so- 
lution with  iodine,  tmder  which  conditions  the  following  reaction  immedi- 
ately takes  place. 

RAa(CHOHR),  +  21,  — >  RAsIi  +  2HI  4-  2RCHO. 
The  aromatic  aldehyde  derivatives  react  slowly  with  iodine  solution  but 
quantitative  titration  is  impossible. 

The  compounds  are  decidedly  stable  toward  reducing  agents  and  also 
toward  dehydrating  agents  (with  the  exception  of  anhydrous  hydro- 
chloric acid,  acid  chlorides  or  add  anhydrides  under  certain  conditions). 

The  aliphatic  aldehyde  compounds  form  unstable  addition  products 
with  halogen  acids;  no  such  addition  products  with  other  tertiary  ar- 
sines  have  been  described.  The  substances  also  form  characteristic 
stable  addition  compounds  with  chloroplatinic  acid. 

It  might  be  expected  that  the  products  would  show  reactivity  with  acid 
chlorides  or  anhydrides  or  with  other  hydroxyl  group  reagents.  They  do 
not,  however,  give  the  desired  derivatives.  Moreover,  they  do  not  react 
with  methyl  or  ethyl  magnesium  iodide  to  give  methane  or  ethane.  The 
action  of  the  acid  chlorides  and  anhydrides  is  explained  below  but  the 
imexpected  non-reactivity  of  the  Grignard  reagent  is  not  yet  clearly  under- 
stood. It  seems  probable  that  a  soluble  addition  compound  is  immedi- 
ately produced  which  prevents  a  reaction  with  the  hydroxyl  groups. 
Water  decomposes  the  Grignard  mixture  into  the  unchanged  aldehyde- 
arsine  addition  product  and  the  normal  decomposition  products  of  the 
Grignard  reagent.  In  spite  of  the  fact  that  no  simple  derivatives  of  these 
aldehyde-arsine  compounds  could  be  obtained  except  the  addition  prod- 
ucts with  chloroplatinic  acid,  the  formula  which  has  already  been  suggested 
is  the  only  one  which  will  account  for  the  known  reactions. 

The  cause  for  the  non-formation  of  the  normal  derivatives  of  the  hy- 
droxyl groups  can  be  accounted  for  by  the  fact  that  certain  dehydrating 
agents  such  as  acetyl  chloride,  acetic  anhydride  or  even  anhydrous  hydro- 
gen chloride  cause  a  secondary  reaction  to  take  place  readily.  Two 
molecules  of  these  Ws-a-hydroxy  tertiary  arsines  by  this  treatment  lose 
2  molecules  of  alcohol  with  the  production  of  rings  which  may  be  desig- 
nated as  tetrahydro-l,4,2,5-diox(iiarsines. 

ICHOHR^  HJOCHR^  O  — CH^R' 

j^As/  /AsR      — >  RA9<^         ^AsR  +  2R'CH,0H 

R'CHOJH^^OCHi  R'CH— O 
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These  compounds  are  thus  derivatives  of  the  basic  ring  1,4,2,5,-dioxdiar- 

(4)     (3) 

sine  having  the  structure    As^  J>As(2).       They  represent  the  second 

CH— o 
(6)      (1) 

type  of  substance  which  can  be  obtained  directly  from  primary  aromatic 
arsines  and  aldehydes.  They  are  formed  by  merely  allowing  a  mixtiu-e 
of  aromatic  arsine  and  aldehyde  to  remain  for  a  day  or  two  in  the  presence 
of  anhydrous  hydrogen  chloride  at  ordinary  temperature.  Under  these 
conditions,  the  amoimt  of  the  product  which  consists  of  bis-a-hydiGxy 
tertiary  arsine  is  small  and  the  amount  of  the  tetrahydro-dioxdiarsine 
large. 

The  formation  of  the  tetrahydro-dioxdiarsines  as  just  described  imdoubt- 
edly  takes  place  in  two  steps — the  formation  first  of  the  bis-a-hydrory  ter- 
tiary arsines  and  then  the  further  condensation  of  these  latter  products  to 
tetrahydro-dioxdiarsines.  This  mechanism  was  proved  by  treating  pure 
W5-a-hydroxy  tertiary  arsines  with  dry  hydrogen  chloride  and  obtaining 
from  tiie  reaction  mixture,  after  standing  several  days,  tetrahydro-di- 
oxdiarsines. The  presence  of  the  water  in  the  hydrochloric  add  used  to 
catalyze  the  formation  of  the  W5-(a-hydroxyalkyl)  arsines  evidently  pre- 
vents further  condensation.  No  ring  compounds  have  been  isolated  as 
yet  when  using  aromatic  aldehydes;  as  mentioned  before,  anhydrous  hydro- 
chloric add  causes  aromatic  aldehydes  and  arsines  to  condense  to  a  very 
good  yield  of  K5-(a-hydroxybenzyl)  arsines  and  no  secondary  condensa- 
tion apparently  takes  place. 

A  reaction  of  particular  interest  is  that  between  paraformaldehyde 
and  phenylarsine  in  the  presence  of  aqueous  hydrochloric  acid.  The  con- 
densation is  carried  out  in  the  usual  way  but  a  product  having  the  formula 
CeHfrAs(CHiOH)3  cannot  be  isolated.  During  the  distillation  decompo- 
sition occurs,  and  the  final  product  is  the  corresponding  tetrahydro- 
dioxdiarsine. 

These  ring  compounds  are  unaffected  by  long  standing  with  water, 
dil.  adds  or  alkalies,  or  even  hot  10%  alcoholic  potassium  hydroxide  so- 
lution. 

The  tetrahydro-dioxdiarsines  oxidize  in  the  air  and  form  arsine  oxides 
and  aldehyde  according  to  the  following  equation. 

^^^  \AsR  -I-  Ot  — ►  2RAsO  -I-  2R'CH0. 

RCH— O^ 

The  stability  of  the  formaldehyde  derivative  is  much  less  than  that 
of  the  acetaldehyde  compound  or  higher  homologs.  With  oxidizing  agents 
such  as  nitric  acid,  phenylarsonic  acid  and  aldehyde,  or  phenylarsonic 
add  and  aldehyde  oxidation  products  are  formed. 
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With  iodine  in  ether  solution,  the  substances  decompose  to  aldehyde 
and  arsine  di-iodide;  the  compounds,  however,  cannot  be  titrated  quan- 
titatively with  iodine  solution. 

The  substances  form  double  salts  with  chloroplatinic  acid,  and  cupric 
chloride,  both  of  which  are  stable  to  air  although  the  latter  have  a  tendency 
to  turn  green  on  standing.  They  do  not  form  the  unstable  halogen  add 
addition  products  noticed  with  the  6t5-(a-hydroxyalkyl)  arsines. 

With  phosphorus  pentachloride  there  are  formed  aldehyde  and  phenyl 
dichloro-arsine. 

The  structure  of  the  tetrahydro-dioxdiarsines  can  be  determined  defin- 
itely from  the  mode  of  formation.  The  alcohol,  which  is  produced  at  the 
same  time,  may  be  isolated  as  such,  or  in  the  form  of  an  acetal  or,  ester; 
moreover  the  molecular  weight  and  analysis  indicate  the  formula  given. 
Two  other  possible  structiues  which  suggest  themselves  are 
O— CHR  RCH 

CeH5As<^       y>AsC«H,     and    C«H,As  <^  AsC«H,. 
O— CHR  I)  RCH^ 

The  first  of  these  two  cannot  be  correct  since  all  arsenic  compounds  of 
the  general  formula  RAs(OCH2R)2,  into  which  class  this  compound  falls, 
are  decidedly  tmstable  to  water  and  aqueous  alkalies;  the  tetrahydro- 
dioxdiarsines  are  stable  to  water  and  alkali.  The  second  structure  will 
not  explain  the  decomposition  of  the  products  into  phenyl-di-iodo-arsine 
and  aldehyde  by  the  action  of  iodine;  it  is  also  inconsistent  with  the 
oxidation  by  air  and  with  the  physcial  properties  of  the  products. 

The  third  equation  given  at  the  beginning  of  this  communication  illus- 
trating the  reducing  power  of  the  arsines,  takes  place  when  a  higher 
temperattu-e  is  used  with  or  without  a  catalyst,  or  when  the  arsines  and 
the  aldehydes  are  allowed  to  stand  for  a  long  time  at  room  temperature 
without  a  catalyst.  Under  any  of  these  conditions  the  formation  of  the 
condensation  products  is  completely  prevented.  Thus  it  has  been  found 
that  a  mole  of  benzaldehyde  and  a  mole  of  phenylarsine,  when  boiled  in  the 
presence  of  acetic  acid  as  a  solvent,  yield  an  almost  quantitative  amount 
of  arsenobenzene  and  benzyl  acetate.  Other  aromatic  aldehydes  give 
the  same  results.  If,  however,  aldehydes  and  arsines  are  mixed  in  differ- 
ent proportions  from  those  just  mentioned,  the  reactions  take  place  in  a 
somewhat  different  way  and  more  complex  products  are  produced.  A 
further  study  of  the  reduction  products  of  aldehydes  and  ketones  is  now 
being  made. 

Chloral,  when  treated  with  phenylarsine,  yields  phenylarsenious  chloride, 
illustrating  the  ease  with  which  hydrogen  in  the  arsines  is  replaced  by  halo- 
gen. 

The  formation  of  the  aldehyde-arsine  addition  compounds  from  alde- 
hydes and  arsines  makes  it  evident  that  the  carbonyl  group  in  aldehydes 
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and  ketones  will  not  react  with  the  primary  arsine  group  with  the  elimi- 
nation of  water,  such  as  takes  place  when  an  aldehyde  or  ketone  reacts 
with  a  primary  amine.  It  seems  probable,  therefore,  that  the  general 
reaction  which  has  been  studied  by  other  investigators,  whereby  the  pri- 
mary arsines  condense  with  compoimds  of  the  type  RAsO  and  RSbO  to 
give  RAs=AsR  and  RAs=SbR,  does  not  take  place  so  simply  as  is 
ordinarily  explained,  namely,  by  the  direct  elimination  of  water.  It 
seems  much  more  likely  that  the  arsine  reduces  the  arsine  or  stibine  oxides 
to  corresponding  arseno  or  stibino  compoimds  and  is  itself  oxidized  to 
another  arseno  compotmd. 

2R'AsO  +  2RAsH,  — ►  R'As=AsR'  -|-  RAs=AsR  -h  2H,0. 
The  rearrangement  of  two  arseno  compoimds  into  the  unsymmetrical 
derivative  takes  place  very  smoothly  and  practically  quantitatively." 

R'As=AsR'  +  RAs=AsR  — ►  2RAs=AsR'. 
There  are  thus  formed  exactly  the  same  products  as  obtained  by  the  simpler 
mechanism.    It  is  probable  that  the  reactions  between  the  primary 
arsines  and  the  arsine  hahdes,  bismuth  halides  or  stibine  halides,  take 
place  in  an  analogous  manner. 

2R'SbCl,  +  2RAsH,  — >  R'Sb=SbR'  -|-  RAs=AsR  -|-4HC1 

R'Sb=SbR'  4-  RAs=AsR  — ►  2RAs=SbR'. 

It  is,  of  course,  possible  that  in  the  reaction  just  mentioned  reduction 
occurs  in  such  a  way  that  nascent  radicals  having  the  formulas  RAs  =  , 
RSb=,R'As=are  first  formed  and  that  these  then  combine  directly  to 
give  the  unsymmetrical  arseno  or  the  corresponding  arsenic  antimony 
compounds  rather  than  to  give  symmetrical  compoimds  as  intermediates. 

It  is  also  possible  that  there  is  merely  an  addition  product  formed  first 
from  the  oxide  and  arsine  which  subsequently  decomposes  with  the  elim- 
ination of  water. 

R'AsO  +  RAsH,  — ►  R'As(OH)AsHR  — ►  R'As  =  AsR  +  HiO. 

Experimental 

Phenylarsine  and  Derivatives 

Phenylarsonic  Acid,^*  CaHiAsOsHs. — For  the  production  of  phenylarsonic  add 
on  a  large  laboratory  scale,  a  25-liter  cylindrical  copper  tank,  provided  with  mechanical 
stirrer,  is  employed.  In  the  tank  are  placed  4  liters  of  water,  2  kg.  of  anhydrous  sodium 
carbonate,  1  kg.  of  technical  arsenious  oxide  (about  20%  excess),  tuid  45  g.  of  crystallized 
copper  sulfate.  All  of  the  solid  material  does  not  dissolve  unless  the  solution  is  heated. 
The  stirrer  is  started  and  the  walls  of  the  tank  are  cooled  by  several  streams  of  water. 
As  soon  as  the  temperature  of  the  arsenite  solution  falls  to  15°,  (part  of  the  sodium  ar- 

"  Ger.  pat.  251,104;  Brit.  pat.  17,482;  Ber.,  49,  1648  (1916).  Ger.  pat.  253,226; 
270,255. 

"B^r.,  9,  1568  (1876);  10,  626  (1877);  15,  1954  (1882);  27,  265  (1894);  41, 
1855  (1908);  54,  438  (1921).  Ann.,  201,  203  (1880);  320,  293  (1902).  Ger.  pat. 
250,264;  254,092;  264,924.  J.  Ind.  Eng.  Chem.,  11,  824  (1919).  The  method  of 
Schmidt,  Ann.,  421,  168  (1920),  is  unsuitable  for  runs  of  any  considerable  size. 
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senite  precipitates  at  this  tempeFature),  the  addition  of  diazo  sohition  is  begun.  It  is 
found  convenient  to  prepare  the  latter  in  four  portions.  A  mixture  of  186  g.  of  aniline, 
400  cc.  of  conc^  hydrochloric  add,  1  Uter  of  water  tmd  sufficient  ice  to  bring  the  total 
volume  to  3  liters  is  made  and  placed  in  a  4-Uter  Florence  flask.  This  mixture  is  di- 
azotized  in  the  usual  manner  with  a  concentrated  solution  of  140  g.  of  sodium  nitrite. 
Three  hours  or  more  are  required  for  running  four  of  these  diazo  solutions  into  the  ar- 
senite,  the  temperature  of  the  latter  being  maintained  at  15*.  During  this  addition, 
foaming  can  be  controlled  by  regulating  the  speed  of  stirring  and  also  by  adding  about 
10  cc.  of  benzene  whenever  excessive  foaming  threatens  to  occur. 

Stirring  is  continued  for  one  hour  after  all  the  diazo  solution  has  been  added.  The 
mixture  is  now  filtered  and  the  filtrate  concentrated  to  a  volume  of  approximately 
5  Uters;  this  is  deep  brown  in  color.  Cone,  hydrochloric  add  is  added  in  small  portions 
and  the  tarry  material  which  separates  is  filtered  off.  The  add  is  added  until  after 
filtering  a  dear,  pale  yellow  solution  restdts.  The  phenylarsonic  add  is  now  predpitated 
by  the  addition  of  more  hydrochloric  add.  An  excess  must  be  avoided  since  it  causes  a 
certain  amount  of  the  phenylarsonic  add  to  go  into  solution.  When  this  neutralized 
mixture  has  cooled,  the  product  is  filtered  off  and  washed  with  a  little  distilled  water. 
Small  qtiantities  of  phenylarsonic  add  remaining  in  the  filtrate  may  be  predpitated 
as  the  ferric  salt  by  adding  ferric  chloride.  ^'  The  average  yield  of  white  or  cream  colored 
product  exceeds  800  g.  (50%  of  that  calculated)  and  in  many  cases  runs  well  over  1000  g. 
This  crude  material  is  perfectly  satisfactory  for  use  in  the  preparation  of  phenylarsine. 
If,  however,  a  pure  product  is  desired,  it  may  be  crystallized  from  water  which  frees  it 
from  small  amounts  of  sodium  chloride.  The  product  is  then  practically  white  and 
softens  at  158*,  passing  into  the  infusible  anhydride,  CeHsAsOs. 

Phenylarsine,'^  CaHtAsHt. — ^A  5-liter  round-bottom  flask  is  provided  with  a  long 
bulb  reflux  condenser.  A  2-hole  stopper  at  the  upper  end  of  the  condenser  carries  a 
2-liter  dropping  funnd  and  an  outlet  tube  connected  to  a  mercury-filled  U-tube.  In  the 
flask  is  placed  an  intimate  mixture  of  400  g.  of  crude  phenylarsonic  add  made  in  the  way 
just  described,  and  800  g.  of  amalgamated  zinc  dust,  a  little  water  and  1  liter  of  ether. 
Two  liters  of  cone,  hydrochloric  add  is  added  drop  by  drop;  by  proper  regulation  the 
apparatus  can  be  allowed  to  run  overnight  without  attention.  When  the  reduction  is 
complete,  the  condenser  is  removed  and  replaced  by  a  2-hole  stopper  carrying  a  15cin. 
ftmnel  and  a  delivery  tube.  By  pouring  water  into  the  funnd,  the  ether  layer  is  forc«d 
through  the  delivery  tube  into  a  2-liter  separatory  funnd  filled  with  carbon  dioxide. 
Lumps  of  anhydrous  caldum  chloride  are  added.  When  dry,  the  solution  is  transferred  in 
portions  to  a  500cc.,  Clalsen  distillation  flask  filled  with  carbon  dioxide,  with  fractionating 
coltmm  side-arm  fitted  with  a  recdver  of  equal  size.  Most  of  the  ether  is  removed  by 
heating  on  the  steam-bath,  a  constant  ciurent  of  carbon  dioxide  being  passed  through  the 
apparatus.  The  distillation  is  continued  tmder  diminished  pressme,  the  reodver  being 
cooled  in  ice  and  water.  By  a  little  practice  it  is  found  possible  to  change  reodvers 
without  oxidation  of  the  phenylarsine,  so  that  use  of  a  Bruhl  apparatus  suggested  by  a 
previous  investigator  is  unnecessary.  The  product  boiling  at  about  03*  at  70  mm.  is 
collected.  A  redistillation  is  advisable  if  a  very  pure  product  is  desired,  but  the  material 
obtained  at  this  point  was  used  directly  for  the  condensations  with  aldehydes  described 
in  this  cbmmunication.  When  the  distillation  is  complete,  carbon  dioxide  is  admitted 
until  atmospheric  pressure  is  reached,  and  the  product  sealed  in  large  test-tubes  whk:h 
have  previously  been  constricted  near  the  open  end  and  filled  with  carbon  dioxide. 
The  best  yidd  obtained  was  83%  of  the  calctdated  amount,  obtained  by  using  recrystall- 
ized  phenylarsonic  add;  the  average  yidd,  using  crude  arsonlc  add,  was  between  50  and 

»» Suggested  by  Mr.  J.  L.  Hall. 

»«  Ber.,  34,  3698  (1901).    Am.  Chem,  /.,  33,  147  (1905).     Chem.  Zlg.,  1912,  1099. 
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60%  of  the  calculated  amount,  depending  largely  on  the  grade  of  crude  arsonic  add  used. 
Phenylarsine  is  a  clear,  colorless  liquid  of  disagreeable  odor.  It  causes  painful  blisters 
when  it  comes  in  contact  with  the  sldn  and  is  highly  irritating  to  the  mucous  membrane. 
Constants  not  given  in  the  literature  are:  d25>  1.349;  n  o^  1.6082. 

General  Method  for  the  Preparation  of  Aryl  Bis-cx-hydrozyalkyl 
Arsines* — ^A  $00cc.  wide-mouth  bottle  is  provided  with  a  mechanical 
stirrer.  Carbon  dioxide  is  passed  into  the  bottle  and  then  100  g.  (1  mol.)  of 
aryl  arsine  and  a  few  cubic  centimeters  of  cone,  hydrochloric  add  are 
added.  The  mixtiu^  is  cooled  well  in  an  ice-bath,  the  stirrer  started,  and  2 
moles  of  aUphatic  aldehyde  or  polymeric  aldehyde  are  added  drop  by  drop. 
When  using  aldehydes  of  a  volatile  nature  it  is  advisable  to  add  a  slight 
excess  instead  of  exactly  2  moles.  In  small  runs  mechanical  stirring  is 
not  necessary,  merely  occasional  shaking  by  hand.  The  carbon  dioxide 
is  passed  in  continuously  and  stirring  continued  for  a  couple  of  hours  after 
the  addition  of  the  aldehyde.  The  reaction  mixture  is  then  shaken 
with  a  Uttle  fused  potassiiun  carbonate  to  remove  the  hydrochloric  acid, 
any  arylarsonic  add  which  is  formed,  and  moisture.  The  products  are 
distilled  under  diminished  pressure. 

If  desired,  the  ether  solution  formed  in  the  preparation  of  the  aryl 
arsine  may  be  utilized  directly  in  synthesizing  the  aldehyde  addition  com- 
pound. In  this  way  a  larger  yield  per  gram  of  arylarsonic  add  can  be 
obtained. 

The  substances  which  are  produced  as  described  above  are  insoluble, 
in  water  but  readily  soluble  in  organic  solvents.  They  are  perfectly 
stable  toward  dil.  alkalies  even  on  boiling.  They  are  also  stable  toward 
dil.  add,  but  decompose  gradually  on  standing  with  cone,  hydrochloric 
acid  at  room  temperature,  and  rather  rapidly  on  heating. 

The  physical  constants  described  under  the  individual  compounds 
were  taken  in  every  instance  on  freshly  prepared  products.  If  allowed 
to  stand  without  proper  precautions  to  prevent  oxidation,  the  indices 
of  refraction  soon  become  considerably  lower,  due  undoubtedly  to  oxida- 
tion. 

Certain  of  the  substituted  arsines  were  prepared  and  condensed  with 
aldehydes  before  it  was  realized  that  precautions  must  be  taken  with  the 
products  to  prevent  gradual  decomposition  in  the  air.  For  this  reason, 
a  few  of  the  substances  when  analyzed  showed  a  variation  from  the  theo- 
retical percentage  compositions. 

5»5-(a-hydroxyethyl)phenylar8ine,  C«H»As(CHOHCH,)i.— From  100  g.  of  phenyl- 
arsine, 2  cc.  of  cone,  hydrochloric  add  and  75  g.  of  acetaldehyde  or  paraldehyde,  127  g. 
(81  %)  of  redistilled  product  is  obtained  boiling  at  175-176**  at  22  mm.  The  product  is  a 
cotorless  oU;  dil  1.252;  n^i,  1.5619. 

Analyses,  Subs.,  0.2637:  COi,  0.4743;  HiO,  0.1420.  Subs.,  0.1356.  0.1274: 
10.2  cc.,  9.65  cc.  iodine  (1  cc.  =0.0041  g.  As).  Subs.,  0.6072:  benzene,  22.0:  f.  p. 
lowering,  0.564**.  Calc.  for  CioH,iO,As:  C.  49.59;  H,  6.19;  As,  30.99;  mol.  wt.  242. 
Found:  C,  49.03;  H,  6.02;  As,  30.83,  31.05;  mol.  wt.  246. 
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Bfts^(oe-^droi7-fi-propyl)phenykrtlne9  CiHfAs(CHOHCtHi)s.— Fkom  17  g.  of  pro- 
pionic aldehyde  and  23  g.  of  phenykrsine  with  1  cc.  of  hydrochloric  add,  28  g.  (70% 
yield)  of  product  is  obtained  boiling  at  196-197  *  at  24  mm.  The  product  is  a  colorless  oil ; 
dil  1.176; «??  1.6426. 

Analysis.  Subs..  0.2043:  13.8  cc.  iodine  (1  cc.»0.0041  g.  As).  Calc.  for 
CuHitOiAs:  As,  27,77.    Found:  27.69. 

Bfts^(c(-hydroiy-fi-lratyl)phenylar8ine,  CiH»A8(CHOHCtH7)s.— From  50  g.  of  phen- 
ylarsine,  50  g.  of  butyraldehyde  and  1  cc.  of  cone  hydrochloric  acid,  75  g.  of  pure  product 
is  obtained.  The  substance  is  a  colorless  oil  boiUng  at  187^  at  10  mm.;  dal  1.116; 
n^,  1.5271.  A  mistake  was  made  in  the  refractive  index  as  reported  in  the  preliminary 
paper.'*. 

Analyses.  Subs.,  0.2296,  0.2210:  14.0  cc..  13.5  cc.  iodme  (1  cc.«0.0041  g.  As). 
Calc.  for  CiiHnOiAs:  As,  25.17.    Found:  25.00. 25.05. 

Bf»-(a-liydioiyisovaler9i)phenykrtlne,  CJIsAs  [CHOHCiHf («fo)  ]t.— From  16  g. 
of  fiovaleraldehyde,  15  g.  of  phenylarsine  and  0.5  cc.  of  cone,  hydrochloric  acid,  a 
colorless  oil  (69%  yield)  is  obUined  boiling  at  170''  at  6  mm.;  dlt  1.079;  n^^,  1.5202. 
By  cooling  it  weU  with  ice  and  salt,  the  product  solidifies.  On  recrystallization  from 
ether,  needles  form  which  melt  sharply  at  62*. 

Analysis.  Subs.,  0.1980:  11.1  cc.  iodine  (1  cc.  =0.0041  g.  As).  Calc.  for 
CiiHstOiAs:  As,  22.87.    Found:  22.98. 

Bi>(a-hydroiy-fi^eirt^)|ihen7kr8iiie,CtH»As(CHOHC»Hu)i-— From  15  g.  ofoen- 
anthol  and  8  g.  of  phenylarsine  with  0.5  cc.  of  cone,  hydrochloric  add.  a  good  yield  of 
substance  is  produced.  It  cannot  be  distilled  even  under  diminished  pressure  without 
considerable  decomposition.  A  small  amount  of  distilled  matierial  was  obtained,  b.  p. 
263-264*  at  2  mm. ;  dai  1.069;  n  o^  1.4650.  The  substance  solidifies,  but  does  not  crys- 
tallize, in  a  freezing  mixture. 

Analysis.  Subs..  0.1798:  7.8  cc.  iodine  (1  cc.»0.00446  g.  As).  Calc.  for 
CtoHuOiAs:  As.  19.63.    Found:  19.30. 

General  Method  for  the  Preparation  of  Bis-(a-hydrozyben27l)aryl- 
arsines. — ^Although  aryl  arsines  and  aromatic  aldehydes  condense 
readily  in  the  presence  of  cone,  hydrochloric  acid  to  give  the  expected 
condensation  products,  better  yields  are  generally  obtained  provided 
anhydrous  hydrogen  chloride  and  any  convenient  solvent  are  used  and 
the  mixture  mechanically .  stirred  at  the  same  time.  A  general  pro- 
cedure is  as  follows.  Two  moles  of  aldehyde  are  dissolved  in  5  times 
the  weight  of  dry  ether  and  dry  hydrogen  chloride  is  passed  in  for  a  few 
minutes.  The  mixture  is  stirred,  dry  carbon  dioxide  is,  of  course,  passed 
in  continuously  to  prevent  oxidation,  and  one  mole  of  aryl  arsine  is  added. 
Formation  of  the  product  starts  almost  immediately  and  in  many  cases 
it  separates  as  a  solid.  In  the  case  of  acetone  as  a  solvent,  the  products 
generally  do  not  precipitate  at  all.  The  reaction  mixture  is  stirred 
for  2  or  3  hours.  The  precipitate  is  filtered,  or  if  no  precipitate  is 
present  the  solvent  is  evaporated  until  the  product  separates.  By  con- 
centrating the  mother  liquors  a  ftuther  crop  of  product  may  be  obtained. 
There  is  always  formed  along  with  the  normal  reacdon  product  a  small 

»  Ref .  9,  p.  2376. 
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amotint  of  arylarsonic  add  which  is  difficult  to  remove.  It  is  advisable, 
therefore,  after  crystallizing  the  product  once,  to  allow  it  to  stand  with 
dil.  alkali  for  some  time  in  order  to  dissolve  out  the  arylarsonic  add. 
The  product  is  filtered,  washed  with  water,  then,  if  possible,  with  alcohol 
and  ether,  and  finally  dried.  A  purer  product  is  obtained  fay  not  crystal- 
lizing again  after  the  extraction  with  alkali.  Apparently  these  compounds 
are  slightly  oxidized  to  arylarsonic  add  and  aldehyde  when  they  are  in 
hot  solution  and  exposed  to  the  air.  The  yields  vary  from  40%  to  prac- 
tically quantitative,  depending  largely  upon  the  ease  of  purification. 

The  benzaldehyde  derivative  forms  with  much  greater  ease  than  the 
substituted  benzaldehydes,  the  former  going  very  smoothly. 

The  aromatic  aldehyde  condensation  product  also  forms  in  the  presence 
of  a  solvent  and  cone,  hydrochloric  acid,  but  the  yields  are  not  as  satis- 
factory as  where  anhydrous  hydrochloric  acid  is  used.  The  substituted 
phenylarsine  condensation  products  with  aromatic  aldehydes  were  made 
in  this  way  before  it  was  discovered  that  anhydrous  hydrogen  chloride 
worked  better. 

Bi5(-a-h7droiybeiiZ7l)i>hen7lar8ine9  CfHiAs(CHOHCcHi)s. — ^This  substance  has 
been  described  in  the  preliminary  article^*  but  was  made  by  direct  addition  of  phenyl- 
arsine and  benzaldehyde.  By  the  process  described  in  the  general  procedure,  it  is  pos- 
sible to  obtain  from  58  g.  of  benzaldehyde,  40  g.  of  phenylarsine,  anhydrous  hydrogen 
chloride  and  300  cc.  of  ether,  practically  a  quantitative  yield  of  white,  silky  needles 
which  on  recrystallization  from  chlorobenzene  melt  at  193^.  The  product  ft  insoluble  in 
water,  slightly  soluble  in  hot  alcohol,  ether,  more  readily  soluble  in  hot  benzene  and 
chlorobenzene. 

Analyses.  Subs.,  0.1522, 0.1876:  CO,,  0.3704, 0.4499;  H,0, 0.0696, 0.0843.  Subs., 
0.1740,  0.1505:  8.7,  8.5  cc.  iodine  (1  cc.  =0.0041  g.  As).  Subs.,  1.3709;  naphthalene, 
26.73:  f.  p.  lowering,  0.972^  Calc.  for  CioHitOiAs:  C, 66.58; H,  6.18;  As,  20.49;  mol.  wt., 
366.    Found:  C,  66.70, 66.41 ;  H,  6.11,  6.01 ;  As,  20.47,  20.43;  mol.  wt.,  364. 

Bi5-(a-hydroiy-^-chlorobenz]^)phenylar8ine,  C«HsAs  [CH0HC»H4C1(^)  ]t.— This 
substance  forms  colorless  needles  from  chlorobenzene  melting  at  164^  and  is  more  soluble 
in  common  organic  solvents  than  the  benzaldehyde  compound.  The  yield  is  low  (40%) 
since  the  product  tends  to  become  oily  and  is  purified  with  difficulty. 

Analyses,  Subs.,  0.1057:  4.3  cc.  iodine  (1  cc.  =0.0042  g.  As).  Subs.,  0.1411; 
AgCl,  0.0905.  Calc.  for  CoHnCCl^As:  As,  17.24;  CI,  16.48.  Pound:  As,  17.08;  CL 
16.65. 

B«5-(a-hydroiy-/>-methozybenzyl)phenylar8ine,  CJI»As  [CHOHCcH^OCHiC^)  ],.— 
Prom  27  g.  of  anisaldehyde,  16  g.  of  phenylarsine,  200  cc.  of  dry  ether  and  anhjrdrous 
hydrogen  chloride,  an  oil  is  obtained  after  allowing  the  mixture  to  stand  overnight  in 
contact  with  air  to  oxidize  any  phenylarsine  which  has  not  reacted,  and  then  evaporating 
the  solvent  at  room  temperature.  To  purify,  the  oil  is  dissolved  in  ether,  shaken  several 
times  with  aqueous  sodium  hydrogen  stdfite  and  then  with  water,  and  the  ethereal 
solution  dried,  filtered  and  evaporated.  A  yellowish  oil  results  which  proves  by  anal- 
ysis to  be  the  expected  derivative.  The  product  is  insoluble  in  water  but  readily 
soluble  in  organic  solvents,  except  petroleum  ether. 

wRef.  9,  p.  2377. 
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Analyses.  Subs.,  0.1835^  0.2013:  7.65,  & 5  cc.  iodine  (1  cc.>- 0.0041  g.  As).  Calc. 
for  OttHnOiAs:  As,  17.61.    Found:   17.09,  17.31. 

Bi54o-(carbozymethozy)-a-li7droiybenzyl]plienylar8ine,  CeHtAs  [CH0HCtH40C- 
HsCOiH(o)]t. — ^From  30  g.»of  o-aldehydophenoxy-acetic  add,  13  g.  of  phenykrsine,  100 
cc.  of  acetone  and  1  oc.  of  cone,  hydrochloric  add  a  solution  is  obtained  which  upon  spon- 
taneous  evaporation  (since  heating  in  presence  of  hydrochloric  add  causes  decomposi- 
tion) of  the  solvent  yields  an  <nl  soluble  in  sodium  hydroxide.  By  the  concentration  of 
the  alkaline  solution,  an  orange-brown  sodium  salt  is  obtained.  This  is  dissolved  in 
water  and  fractionally  predpitated  with  hydrochloric  add.  The  first  small  fnu^tions  are 
considerably  colored  and  are  discarded.  The  material  forms  a  yellowish  powder  which 
weighs  42  g.  and  mdts  at  145-147^  with  loss  of  caibon  dioxide.  By  solution  in  glacsal 
acetic  add  and  predpitation  with  water,  the  product  may  be  obtained  colorless. 

Analysts.  Subs.,  0.2794, 0.1946:  9.8,  7.1  cc.  iodme  (1  cc.» 0.00446  g.  As).  Subs., 
0.1480:  6.0  cc.  0.1187  N  NaOH.  Calc.  for  C^HmOjAs:  As,  16.18;  neut.  equiv.,  241. 
Found:  As,  16.28,  16.27;  neut.  equiv.,  249. 

Analyses  of  the  sodium  salt  (dried  in  vacuo  at  100*)  were  also  made. 

Analyses.  Subs.,  0.1674,  0.1941:  4.8,  5.8  cc.  iodine  (1  cc.  =0.00446  g.  As).  Calc. 
for  CMHnOiAsNai:  As,  18.42.    Found:  As,  13.59, 13.26. 

General  Method  for  fhe  Preparation  of  Tetrahydro-1 ,4,2|S-dioxdiarsmes. 
— ^A  ISOcc.  Erlenmeyer  flask  is  fitted  with  a  3-hole  rubber  stopper  carrying 
a  50cc.  separatory  funnel,  an  inlet  tube  reaching  nearly  to  the  bottom  of 
the  flask  and  an  outlet  tube  connected  to  a  calcium  chloride  tube.  The 
flask  is  filled  with  carbon  dioxide  and  cooled  with  ice.  A  mole  of  phenyl- 
arsine  is  now  added  and  a  stream  of  dry  hydrogen  chloride  is  passed 
through  it."^  At  the  same  time  that  the  hydrogen  chloride  is  started,  two 
moles  of  aliphatic  aldehyde  are  added  drop  by  drop  and  the  stream  of 
gas  continued  about  half  an  hotu:  after  completion  of  the  addition  of  the 
aldehyde.  After  standing  for  a  day  or  two  the  reaction  mixture  is  dis- 
tilled, at  first  under  ordinary  pressure  in  order  to  remove  hydrochloric 
acid,  unchanged  aldehyde  and  any  alcohol  or  alcohol  derivatives  which 
have  been  produced  in  the  reaction.  The  residual  mixture  is  now  dis- 
tilled under  diminished  pressure  and  the  first  fraction  consisting  of  the 
W5-(a-hydroxyalkyl)phenylarsine  is  obtained.  The  residue  consists  of  the 
tetrahydro-dioxdiarsinein50to90%yields.  On  account  of  the  extremely 
high  boiling  point  of  the  tetrahydro-dioxdiarsines  it  is  difficult  to  obtain  a 
large  yield  of  purified  product  from  the  crude  material.  This  is  due  to  the 
fact  that  there  is  a  partial  decomposition  dtuing  distillation  even  at  pressures 
below  2  mm.  The  undistilled  material,  however,  is  practically  pure  as 
shown  by  analyses  in  several  instances.  These  compounds  from  aliphatic 
aldehydes  are  practically  colorless  oils  which  are  insoluble  in  water  and 
soluble  in  the  common  organic  solvents. 


X:Hr-CK 


Tetraliydro-2,5-diphen7l-l,4,2,5-dlozdiarslne,    CeHjAs^  ^AsCiHi.— This 

substance  is  obtained  by  mixing  paraformaldehyde,  phenykrsine  and  cone,  hydrochloric 
add.    After  shaking  the  reaction  mixtiu*e  occasionally  for  some  time  and  allowing  it  to 
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stand  for  a  few  hours,  it  is  distilled.  By  this  method  one  would  expect  to  obtain  bis-  (hy- 
dniz3nnethyl)phenylaTsine,  but  this  product  is  apparently  unstable  as  obvious  from  the 
gradual  evolution  of  gas  during  the  vacuum  distillation  and  the  fact  that  no  constant  boil- 
ing point  is  reached  until  the  point  at  which  the  tetrahydnMliozdiarsine  distils. 

The  low-boiling  distillate  contains  methyl  alcohol,  as  shown  by  the  preparation  of  the 
3,5-dimtrobenzoate  which  melts  at  106-107^.  The  product  after  distilling  twice,  boils 
constant  at  216-216^  at  9  mm.;  dlt  1.547;  n^o,  1.6522.  This  compound  is  very  readily 
ondized  in  the  air  and  consequently  all  operations  must  be  performed  in  an  atmosphere 
of  carbon  dioxide.    The  yield  of  pure  product  from  15  g.  of  phenylarsme  is  about  10  g. 

Analyses.  Subs..  0.2560:  COj.  0.4320;  H,0,  0.0970.  Subs.,  0.3953,  0.1617: 
39.4, 16.1  cc.  iodme  (1  cc.  =0.0042  g.  As).  Subs.,  0.7900:  22.0  g.  benzene;  f.  p.  lowering, 
0.506'.  Calc.  for  Ci4HiiOtAss:  C,  46.15;  H,-3.85;  As,  41.21;  mol.  wt.,  364.  Found: 
C,  46.01;  H,  4.08;  As,  41.81;  41.82;  mol.  wt.  355. 

TetrahydnH3,6-dimethyl-2,5-Kiiphenyl-l,4,2,5-dioxdiarsine, 

O-CHCH, 
C,H»As/  NAsCtH,. 

ch,x:h-<> 

— By  using  the  general  method,  a  colorless  oil  is  obtained  boiling  at  257®  at  10  mm.  with 
slight  decomposition;  d^S,  1.369;  n^i,  1.6332. 

This  substance  may  also  be  obtained  by  heating  6f5-(a<hydroxyethyl)pheny]arsine 
with  half  its  weight  of  acetic  anhydride  under  a  reflux  condenser  in  an  oil-bath  at 
140-150®  for  7  hours.  The  reaction  mixture  is  carefully  distilled,  first  at  atmospheric 
pressure,  and  a  portion  boiling  at  75-90®  collected.  Ethyl  acetate  is  present  in  this 
fraction.  Diminished  pressure  is  then  used  and  the  main  portion  of  material  collected 
from  250-265®  at  10  mm.  After  purification  by  one  or  more  redistillations,  a  product 
boiling  at  the  above  point  and  with  the  same  constants  is  produced. 

A  third  method  oi  preparation  consists  merely  in  allowing  6»V(a-hydroxyethyl) 
phenylarsine  to  stand  a  few  days  in  the  presence  of  anhydrous  hydrogen  chloride.  By 
obtaining  the  tetrahydro-dioxdiarsine  on  distillation  of  this  reaction  mixture,  it  is  shown 
that  the  M5-(a-hydroxyalkyl)phenylarsine  is  an  intermediate  in  the  production  of  tetra- 
hydro-dioxdiarsine from  aldehyde  and  primary  arsine. 

Analyses.  Subs.,  0.2158, 0.1478:  COj,  0.3913,  0.2638;  HaO,  0.1000,  0.0668.  Subs., 
0.1786,  0.1577:  16.5,  14.6  cc.  iodine  (1  cc.  =0.0041  g.  As).  Subs.,  0.5415:  22.0  g.  ben- 
zene: f.p.  lowering,  0.320®.  Calc.  for  CieHuOiAss:  C,  48.98;  H,  4.59;  As,  38.27;  mol. 
wt.,  392.    Found:  C,  48.98;  48.75;  H,  5.19,  5.06;  As,  37.88, 37.87;  mol.  wt.,  384. 

O— CH.CiH, 

Tetrahydro-3,6-diethyl-2,5-diphenyl-l,4,2,5-diozdiarsuie,  C«H»As/         ^AsCeHi. 

CH».CH— O 
— ^This  substance  is  readily  obtained  by  the  general  method,  using  propionic  aldehyde  in 
slight  excess  and  phenylarsine.  The  yield  of  crude  material  is  practically  quantitative. 
The  substance  boils  at  such  a  high  point,  however,  that  not  more  than  25%  of  pure  ma- 
terial can  be  obtained  by  vacuum  distillation,  owing  to  the  decomposition  during  that 
procedure.     The  distilled  substance  boils  at  212®  at  2  mm.;  d^i,  1.336;n"D,  1.6217. 

Analyses.  Subs.,  0.1173,  0.1030:  9.3,  8.2  cc.  iodine  (1  cc.  =0.0446  g.  As).  Calc. 
foi"  CisHttOiAst:  As,  35.71.    Found:  35.45,35.50. 

Tetrahydro-3,6-di-ff-propyl-2,5-diphenyl-l,4y2,5-diozdiarsine, 

O— CHC,Ht(») 

Cai»As<^         ^AsCOI.- 

WHt-CiCH— O 
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— ^By  the  general  method  an  excellent  yield  of  light  yellow  oil  is  produced  after  all  the  low- 
boiling  material  has  been  removed.  This  substance  gave  good  analyses  for  the  tetra- 
hydro-dioxdiarsine.  An  attempt  was  made  to  distil  the  product  but  there  was  con- 
siderable decomposition  during  this  procedure  and  only  a  small  percentage  could  be 
obtamed  puie.    The  boiling  point  is  241-242''  at  2  mm. ;  daS,  1.297;  nV*  1.5856. 

This  same  substance  was  also  obtained  by  the  action  of  acetic  anhydride  upon 
&if-(a-hydroxy-n-butyl)pheny]arsine  by  6  hours'  refluxing.  The  lowest-boiling  fraction  is 
distilled  under  ordinary  pressure  and  consists  of  a  mixture  of  acetic  anhydride  and 
n-butyl  acetate.  Under  diminished  pressure  a  small  fraction  of  6if-(a-hydroxy*f»-butyl) 
phenylarsine  comes  over  first.  The  residue  after  the  temperature  has  reached  220^  at 
8  mm.  is  dissolved  in  acetone,  the  solution  filtered  and  the  filtrate  evaporated  in  vacuo, 
thus  giving  a  yellow  oil.    This  consists  of  practically  pure  tetrahydro-dioxdiarsine. 

Analyses,  Subs..  0.1055,  0.1627:  8.7,  13.4  cc.  iodine  (1  cc.  -0.0041  g.  As).  Calc 
for  CsoHitOiAs:  As,  83.48.    Found:  33.81.33.77. 

Tetrahydro-3|6-dii50lmt^-2,5-d^en^*l,4,2,5-dioxdiarsine, 

O— CHC4H,(w) 

CJI*As<^  ^AsC^H,.— 

(«o)C4HtCH— O 

Eight  g.  of  phenylarsine  and  9  g.  of  tjovaleraldehyde  are  condensed  by  the  general 
method  with  the  additional  procedure  of  vigorous  agitation  of  the  reaction  mixture 
during  the  addition  of  aldehyde.  After  standing  for  several  days  the  reaction  mixture 
is  distiUed  under  diminished  pressure  and  the  portion  which  boUs  below  240^  at  16  mm. 
discarded.  The  remainder  is  dissolved  in  acetone  and  filtered  through  bone-black  on  a 
folded  filter.  On  evaporation  of  the  filtrate  in  a  vacuum  desiccator,  there  remains  a 
nearly  colorless  oil.  weighing  5.5  g.  The  product  is  comparatively  stable  in  air;  dlt 
1.296;  »?f,  1.5869. 

Analyses,  Subs.,  0.1066,  0.1166:  7.5,  8.2  cc.  iodine  (1  cc.  -0.00446  g.  As).  Calc. 
for  CaHnOiAsi:   As.  31.51.    Found:   31.38,  31.37. 

Tetrahydro-3,6-difuiyl-2,5-diphenyl-l,4,2,5-dioxdiarsine, 

O— CHC4H,0 

CHjAs/  "^AsCeH,. 

C4H,0CH— O 

— ^This  substance  forms  with  extreme  ease  and  in  quantitative  yield  when  freshly  distilled 
furfural  and  phenylarsine  are  mixed  and  a  small  amount  of  aqueous  or  anhydrous  hydrogen 
chloride  is  added.  The  reaction  is  so  violent  that  it  is  necessary  to  keep  the  mixture 
cooled  at  all  times  with  ice  and  salt.  The  product  consists  of  a  hard  mass  which  when 
powdered  resembles  zinc  dust.  It  bums  without  melting,  leaving  no  residue.  It  is 
insoluble  in  all  solvents  and  before  analysis  was  boiled  "successively  with  dil.  alkali, 
water,  alcohol  and  benzene.  The  same  substance  is  formed  when  furfural  is  added  drop 
by  drop  to  a  benzene  solution  of  phenylarsine  at  20**  in  the  presence  of  cone,  hydrochloric 
acid. 

Analyses.  Subs.,  0.2557:  COi,  0.5214;  H,0,  0.0879.  Subs.,  0.1477,  0.1470: 
7.05.  7.1  cc.  iodine  (1  cc.  =0.0064  g.  As).  Calc.  for  CmHi80«As,:  C,  53.23;  H,  3.62; 
As,  30.24.    Found:  C.  55.61 ;  H,  3.85;  As,  30.54,  30.90. 

Para-chlorophenylarsine  and  Derhratives 

The  experiinental  work  on  the  preparation  of  p-chlorophenylarsine  and 
its  derivatives  was  carried  out  by  W.  A.  Carothers. 
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I 
/^-Chlorophenylarsonic  acid,  ClCJI^AsOiHs^^— A  solution  of  126  g.  of  ^-€hloro- 
aniline  in  600  cc.  of  water  and  180  cc.  of  cone,  hydrochloric  add  is  cooled  to  0^  and 
diazotized  with  68  g.  of  sodium  nitrite  in  250  cc.  of  water,  the  temperature  being  kept 
constantly  below  7®.  A  solution  is  made  of  350  g.  of  technical  arsenious  oxide  (1 .8  moles) 
in  565  g.  of  sodium  carbonate  dissolved  in  1.5  liters  of  water  by  heating  on  a  water-bath 
for  2  hours  with  occasional  shaking ;  if  this  solution  is  not  dear,  it  is  filtered.  About  15  g. 
of  powdered  copper  sulfate  is  now  dissolved  in  the  sodium  arsenite  solution  and  the 
mixture  cooled  to  room  temperature.  The  diazo  solution  is  siphoned  into  it  very  slowly. 
During  the  addition,  constant  mechanical  stirring  is  carried  on.  The  speed  of  the  addi- 
tion is  limited  by  the  tendency  of  the  reaction  mixture  to  foam.  Addition  of  a  few 
cubic  centimeters  of  benzene  from  time  to  time  tends  to  prevent  this  foaming.  The 
reaction  is  allowed  to  continue  for  3  to  4  hours  after  the  addition  is  complete,  the  mixture 
allowed  to  stand  for  12  hours  without  stirring  and  then  is  filtered  from  any  tarry  product 
that  may  have  separated.  The  filtrate  is  addified  with  glacial  acetic  add,  the  addition 
being  made  carefully  in  order  to  prevent  excessive  foaming  in  the  mixtiure.  Arsenious 
oxide  is  thus  predpitated,  while  the  p-chlorophenylarsonic  add  remains  in  solution. 
After  filtration,  the  latter  is  predpitated  by  the  addition  of  cone,  hydrochloric  add. 
It  b  filtered,  washed  with  cold  water  and  dried.  A  yidd  of  from  160  to  200  g.  is  readily 
obtained  (60-85%).  After  crystallization  from  alcohol  the  substance  decomposes  at 
about  348^.  For  analysis  it  was  crystallized  once  from  glacial  acetic  add  and  twice  from 
ethyl  alcohol  and  then  dried  at  90^  in  vacuo. 

Analyses.  Subs.,  0.1612,  0.1782,  0.1966:  26.38.  28.77,  31.60  cc.  iodine  (1  cc.- 
0.001975  g.  As).  Subs.,  0.4190, 0.5190:  0.2539, 0.3176  g.  AgCl.  Calc.  for  CJl€0|ClAs: 
As,  31.75;  CI,  15.01.    Found:  As,  31.58. 31.99,  31.74;  CI.  14.99, 15.14. 

^-Chlorophenylarsine,  ClCeHiAsHs. — ^The  preparation  of  this  substance  is  not 
possible  by  the  use  of  the  directions  which  are  given  under  phenylarsine.  It  is  necessary 
to  use  methyl  alcohol  instead  of  water.  This  presumably  acts  as  a  solvent  and  hastens 
the  reaction.  In  a  3-liter  round-bottom  flask  are  placed  70  g.  of  ^chlorophenylarsonic 
add.  350  g.  of  well  amalgamated  zinc  dust  and  250  cc.  of  methyl  alcohol.  The  flask 
is  provided  with  a  2-hole  rubber  stopper;  through  one  hole  is  inserted  a  reflux  condenser, 
the  upper  end  of  which  is  provided  with  a  mercury  trap;  in  the  other  hole  is  placed 
a  500cc.  separatory  funnel.  Cone,  hydrochloric  add  is  placed  in  this  funnd  and  allowed 
to  drop  into  the  reaction  mixture  regularly  at  the  rate  of  about  3  or  4  drops  a  minute. 
About  1  Hter  of  add  is  thus  added  and  the  reaction  is  considered  complete  when  prac- 
tically all  the  zinc  has  disappeared.  This  required,  in  various  runs,  from  3  days'  to  1 
weeks'  time.  The  stopper  is  removed  from  the  flask  and  quickly  replaced  by  another 
holding  3  tubes.  2  of  which  extend  to  the  bottom  of  the  flask.  1  allowing  for  the  entrance 
of  steam,  the  second  for  carbon  dioxide,  and  the  third 'tube  is  attached  to  a  condenser 
set  for  downward  distillation.  The  recdver  at  the  end  of  the  condenser  consists  of  a 
suction  flask  attached  tightiy  by  means  of  an  adapter  to  the  condenser.  The  whole 
apparatus  is  filled  with  carbon  dioxide,  and  a  slow  stream  of  carbon  dioxide  is  con- 
tinued while  steam  is  blown  into  the  reaction  mixture.  The  ^-chlorophenylarsine  distils 
with  the  water  and  methyl  alcohol,  and  occasionally  solidifies  in  the  condenser.  When 
no  more  arsine  distils,  the  stopper  holding  the  adapter  leading  to  the  recdver  is  removed 
and  replaced  by  one  carrying  a  right-angle  tube  through  which  carbon  dioxide  is  con- 
ducted. The  />-ehlorophenylarsine  remains  in  the  bottom  of  the  recdver  as  a  dark 
solid.  By  using  care,  a  considerable  portion  of  the  water  and  dilute  alcohol  above  the 
arsine  can  be  poured  from  the  side  arm  of  the  suction  flask  recdver,  allowing  the 
carbon  dioxide  to  enter  at  the  same  time.     The  stopper  holding  the  tube  through  which 


^'  This  compound  has  been  previously  made  by  the  diazotization  of  arsanilic  add 
and  replacement  of  the  diazo  group  by  chlorine;   Ber.,  41,  1856  (1906). 
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the  carbon  dioxide  enters  is  partially  remoTcd,  and  200  oc  of  etfaer  added.  The  side- 
tube  of  this  suction  flask  is  now  inserted  in  the  mouth  of  a  500cc.  sepaiatory  funnel 
filled  with  carbon  dioxide  and  the  ether  layer  containing  the  ^-chlorophenylarsine 
forced  into  it  by  means  of  a  stream  of  carbon  dioxide.  Washing  the  aqueous  distillate 
with  one  or  two  portions  of  ether  is  advisable.  Any  water  may  be  separated  from  the 
ether  solution  which  is  thus  obtained,  after  which  it  is  dried  over  solid  potassium  hy- 
droxide. The  ether  solution  is  transferred  to  a  vacuum  dwtilling  flask  as  follows.  A 
funnel  containing  the  ether  solution  is  inserted  through  a  2-hole  rubber  stopper  which 
closes  the  main  neck  of  the  Ckisen  flask.  The  usual  capillary  tube  is  extended  through 
the  other  opening  and  a  carbon  dioxide  cylinder  is  attached.  The  apparatus  is  evacu- 
ated several  times  and  filled  with  carbon  dioxide  in  order  that  all  the  air  may  be*  re- 
moved. Finally,  it  is  evacuated  and  the  stopcock  of  the  separalory  funnel  opened  to 
allow  the  ether  solution  to  enter  the  Claisen  flask.  The  ether  is  removed  and  the 
^-chlorophenylarsine  distils.  After  one  or  sometimes  two  redistillations,  it  is  absolutely 
pure  and  then  boils  at  1  le""  at  33  mm.,  or  laO"*  at  200  mm.  It  melts  at  30.5-30.7*",  form- 
ing thin,  transparent  leaves  sometimes  as  large  as  1.5  cm.  square.  The  3^eld,  after 
complete  purification,  varies  from  16  to  26  g.;  dii  1.507;  lti^  1.6143. 

Analyses,  Subs..  0.5147,  0.3622:  103.64,  72.20  cc.  iodme  (1  cc.  -0.001975  g.  As). 
Subs..  0.4259,  0.4592,  0.2539:  0.3184,  0.3520,  0.1914  g.  AgCl.  Calc.  for  CJI«ClAs: 
CI,  18.81 ;  As,  39.79.    Pound:  As,  39.75, 39.37;  Q,  18.50. 18.97, 18.65. 

^f5-(a-hydroxybenzyl)/»-chlorophenylarsine,  ClCiH4As(CHOHCJIt)s.--One  mole 
of  arsine  and  2  moles  of  aldehyde  are  mixed  and  a  small  amount  of  cone,  hsrdrochloric 
acid  is  added.  Within  a  half  hour,  the  whole  mass  sets  to  an  amorphous  solid.  On 
standing  for  an  hour,  even  in  an  atmosphere  of  carbon  dioxide,  it  is  found  to  have  com- 
pletely changed  to  a  canary-yellow  color.  By  extracting  the  reaction  mixture  with  hot 
chlorobenzene,  there  crystallize  from  this  solvent  long,  white,  silky  needles  which  can  be 
purified  from  a  mixture  of  chlorobenzene  and  alcohol  and  then  melt  at  218-218.5^. 
The  yield  is  small.  Moreover,  analysis  indicates  the  product  at  hand  is  not  quite  pure 
in  spite  of  careful  crystallization.  The  chlorobenzene-insoluble  residue  consbts  of  a 
bright  yellow,  sticky  mass  containing  benzaldehyde;  after  standing  in  the  air,  however, 
this  becomes  dry  and  on  long  standing  lighter  colored,  and  finally  is  found  to  consist 
diiefly  of  ^-chlorophenylarsonic  acid. 

Analyses.  Subs.,  0.1082,  0.1144:  8.95,  9.21  cc.  iodme  (1  cc.  =0.001975  g.  As). 
Subs.,  0.1406,  0.1676:  0.0473,  0.0558  g.  AgQ.  Calc.  for  C«H„OiClAs:  As,  18.72; 
CI,  8.86.    Found:  CI,  8.82,  8.23;  As,  16.34, 15.90. 

Bt5-(a-hydroxyethyl)/>-chlorophenylar8hie,  ClC«H4As(CH0HCHt)t.— This  sub- 
stance is  obtained  in  the  usual  way  and  when  pure  is  a  colorless  oil  boiling  at  183^  at 
23  mm.;  dH  1.336;  n^^,  1.5728. 

Analyses.  Subs.,  0.3674,  0.3771:  50.01,  52.18  cc.  iodine  (1  cc.  =0.001975  g.  As). 
Subs.,  0.3215,  0.3601:  0.1620,  0.1820  g.  AgCl.  Calc.  for  CioHmOiCIAs:  O,  12.82; 
As.  27.12.    Found:  Cl,  12.47,  12.50;  As,  26.88,  27.33. 

Ortho-chlorophenylarsine  and  Derhrathres 
The  experimental  work  on  the  preparation  of  o-chlorophenylarstne 
and  its  derivatives  was  carried  out  by  E.  B.  Parks. 

o-Chlorophenylarsonic  acid,  ClC«H4AsO|Ht. — ^This  add  b  prepared  according  to 
the  same  general  directions  as  used  for  ^-chlorophenylarsonic  add.  The  crude  ma- 
terial forms  in  3ridds  varying  from  60  to  75%.  It  is  readily  purified  by  crystallization 
from  hot  water  or  dilute  alcohol  and  then  mdts  at  186-187*".  The  add  is  dried  for 
1  hour  at  100^  before  analysis. 
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Analyses.  Sahs.«  0.2595:  18.5  cc.  of  iodine  (1  cc.«0.00446  g.  As).  Calc.  for 
C«H,Q,ClAs:  As,  31.76.    Found:  31.83. 

o-Chlorophenylarsine,  CICsHaAsHi. — ^This  substance  is  prepaied  by  the  general 
directions  used  for  phenylarsine  except  that  no  ether  is  used  and  after  the  reduction  is 
complete  the  o-chlorophenylarsine  is  distilled  with  steam  from  the  reaction  mixture. 
In  this  preparation  it  is  not  necessary  to  use  methyl  alcohol  as  described  under  ^<K:hloro- 
phenylarsme.  The  product  boils  at  206**  at  atmospheric  pressure  and  forms  in  3rields 
of  45  to  60%;  d\\,  1.519;  n??,  1.6250. 

Analysis,  Subs.,  0.1206:  10.75  cc.  iodine  (1  cc.«0.00446  g.  As).  Calc.  for 
C«H«ClAs:  As,  39.79.    Found:  39.75. 

Bij-(a-hydroxybenzyl)a-chlorophenylarsine,  ClC«H4As(CH0HC«Hi)t. — ^This  sub- 
stance is  readily  produced  in  the  usual  way  by  the  action  of  o-chlorophenylarsine  upon 
benzaldehyde.  It  forms  white  crystals  which  are  readily  crystallized  from  either  ether 
or  alcohol.  When  pure  it  melts  at  146-147^.  The  analyses  on  this  product  are  low 
unless  the  product  is  heated  to  1 10-120^  for  one-half  to  one  hour.  Under  these  conditions 
the  product  seems  to  fuse  slightly  and  turn  a  trifle  brown,  but  gives  correct  analyses  for 
the  product  at  hand  and,  on  recrystallizing,  it  is  found  that  no  decomposition  has  taken 
place.  It  seems  probable  that  this  substance  holds  tenaciously  the  alcohol  from  which 
it  is  crystallized  and  only  by  heating  to  120°  is  this  removed. 

Analyses,  Subs.,  0.2894.  0.3558:  6.63,  8.61  cc.  AgNQ,  (1  cc.  =0.003722  g.  CI). 
Calc.  for  CoHttOiClAs:  CI,  8.85.    Found:  8.53,  9.00. 

Para-tolylarsine  and  Derhrathres 

The  experimental  work  on  f -tolylarsine  and  its  derivatives  was  carried 
out  by  G.  O.  Burr. 

^Tolylarsonic  acid,^*  CHiCeHAAsOfHi.— A  solution  is  made  of  214  g.  of  /^-toluidine 
in  2  liters  of  water  and  5  moles  of  hydrochloric  acid.  The  temperature  is  reduced  to  0^ 
and  2  moles  of  sodium  nitrite  in  cone,  aqueous  solution  is  added  drop  by  drop  from 
a  separatory  ftmnel.  During  the  addition,  the  solution  should  be  mechanically  stirred. 
One  and  two-tenths  moles  of  arsenious  oxide  is  dissolved  in  a  solution  of  slightly  more 
than  4  moles  of  sodium  carbonate  in  a  liter  of  water.  The  solution  is  heated  for  some 
time  but  does  not  become  clear;  20  g.  of  crystallized  copper  sulfate  is  dissolved  in  this 
solution,  which  is  then  cooled  to  17^.  At  this  point  the  cold  diazo  solution  is  siphoned 
slowly  into  the  arsenite  (45  minutes)  and  the  reaction  mixture  then  stirred  for  12  hours. 
Tar  separates  which  Is  filtered,  and  the  filtrate  is  acidified  with  hydrochloric  add. 
^Tolylarsonic  acid  is  precipitated  as  a  white  powder  and  may  be  purified  by  crystalliza- 
tion from  water.    The  yield  varies  from  50  to  65%. 

^Tolylarsine,  CHiCcHiAsHi. — ^The  same  procedure  is  used  in  the  preparation 
of  this  substance  as  in  the  preparation  of  phenylarsine  but  the  use  of  a  slightly  greater 
amount  of  zinc  is  desirable.  The  product  is  a  colorless  liquid  boiling  at  113.5*^  at  44 
mm.  It  crystallizes  in  white,  shiny  plates  which  melt  at  20°.  The  yields  vary  from 
30  to  50%;  dii,  1.295;  »",  1.5891. 

Analyses,  Subs.,  0.1670;  COi,  0.3045;  HiO,  0.0776.  Calc.  for  CrHtAs: 
C,  50.00;  H,  5.36.    Found:  C,  49.74;  H,  5.20. 

Bij-(a-hydroxyben2yl)/»-tolylarsine,  CHiCeH^AsCCHOHCeHOi.— This  is  prepared 
in  the  same  manner  as  is  the  phenyl  derivative,  but  is  not  produced  in  so  good  3rields. 

"  This  substance  has  been  previously  made  by  the  hydrolysis  of  ^tolyl-phenyl- 
arsenious  chloride;  i4nn.,  320, 303  (1902);  201,256(1880);  also  by  the  action  of  sodiun| 
tQUiene-iTcdiazptat^  on  sodium  arsenite;  Ger.  pat.  250,264: 
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It  forms  long,  white  needles  which  after  crystallization  from  a  mixture  of  benzene  and 
alcohol  melt  at  208*". 

Analyses,  Subs.,  0.2185:  COs,  0.5280;  HsO,  0.0940.  Calc.  for  CsHaOiAs: 
C,  66.14.  H.  5.51.    Found:   C,  65.92;  H,  4.83. 

Subs.,  0.2033,  0.2031:  18.37,  18.27  cc.  iodine  (1  cc. -0.00206  g.  As).  Calc  for 
CstHnOtAs:  As,  19.73.    Found:   18.55,  18.^. 

Bi5-(a-li7drozyetli7l)/»-tdjlarBiae,  CHsCtH4As(CHOHCHa)i.— A  mixture  of  par- 
aldehyde and  arsine  with  a  few  drops  of  hydrochloric  add  is  allowed  to  stand  for 
15  hours.  After  working  up  in  the  usual  way,  the  product  is  distilled  and  then  gives 
an  80%  yield  of  a  colorless  oil  boiling  at  176-177^  at  22  mm;  dji  1.2331 ;  «*^,  1.5670.  On 
exposure  to  air  it  oxidizes  readily. 

Analyses.  Subs.,  0.1438:  COs,  0.2682;  HsO,  0.0809.  Subs.,  0.1862:  25.47  cc 
iodine  (1  cc. -0.00216  g.  As).  Calc.  for  CuHitCAs;  C,  51.56;  H,  6.64;  As,  29.3a 
Found:  C,  50.88;  H,  6.30;  As,  29.54. 

Ortho-tolylarsine  and  Derivatives 
The  experimental  work  on  o-tolylarsine  and  its  derivatives  was  carried 
out  by  J.  S.  Pierce. 

o-Tolylanonic  acid,^*  CHiCeHiAsOiHi. — The  procedure  used  in  the  preparation 
of  this  substance  is  approximately  the  same  as  for  the  ^tolylarsonic  add.  The  yield, 
however,  is  considerably  lower  on  account  of  the  greater  solubility  and  amounts  in  gen- 
eral  to  not  over  about  40%.  The  melting  point  is  159-160®,  which  agrees  with  that 
given  in  the  Uterature. 

o-Tdlylarsine,  CHtdHiAsHt. — ^This  product  is  made  in  the  same  way  as  phenyl- 
arsine.    The  product  is  a  colorless  oil  boiling  at  121®  at  93  mm;  d26, 1.301 ;  n^o ,  1.5925. 

Analyses.  Subs.,  0.1925,  0.2342:  24.13,  29.61  cc.  iodine  (1  cc>0.003515  g.  As). 
Calc.  for  CtH^As:  As,  44.60.    Found:  44.06,44.44. 

On  exposture  to  air  the  ar^e  oxidizes  rapidly  to  the  arseno  compound  which  can  be 
separated  from  traces  of  admixed  arsonic  add  by  sodium  hydroxide.  By  oystallizatioo 
from  benzene  a  pure  sample  was  obtained  mdting  at  205-208®. 

Analysis.  Subs.,  0.1530:  20.18 cc.  iodine  (1  cc.  =0.003515 g.  As).  Calc.  for  Ci4Hi4Asf : 
As,  45.14.    Found:  46.36. 

.B«5-(a-h7drozyb6nzyl)o-tol3^sine,  CHiCtHiAsCCHOHCeHOt.— The  product  b 
purified  by  oystallization  from  ether,  forming  white,  needle-like  crystals  which  mdt 
at  140®. 

Analyses.  Subs.,  0.0596,  0.0488:  3.29,  2.68  cc.  iodine  (1  cc. -0.003515  g.  As). 
Calc.  for  CtiHnOiAs:  As,  19.71.    Found:  19.40, 19.30. 

5i5-(a-h7drozyetfayl)(>-to]ylartine,  CHiC«H4As(CHOHCHi)t.— This  is  a  colorless 
oil  boiling  at  165®  at  21  mm.;  dli.  1-244;  n^,?,  1.5573.  This  substance  has  a  sli^tly 
greater  tendency  to  oxidize  than  other  analogous  compounds,  so  it  should  be  kept  in 
an  atmosphere  of  carbon  dioxide.  The  ease  of  decomposition  probably  accounts  for  the 
low  analysis. 

Analyses.  Subs.,  0.0974,  0.1527:  7.67.  12.04  cc.  iodine  (1  cc. -0.003528  g.  As). 
Calc.  for  CuHitOiAs:  As,  29.25.     Found:  27.78,27.82. 

Reactions  of  the  Condensation  Products,  C6H5As(CHOHR)s 

Stability. — ^When  heated  strongly  over  a  free  flame,  the  substances 

^*  The  product  has  previously  been  made  by  the  hydrolysis  of  o-toityhLntnkm 
chloride;    Ann.,  201,  255  (1880). 
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are  decomposed  into  aldehyde  and  phenylarsine.  The  latter  is  immedi- 
ately oxidized  to  arsenobenzene  in  the  presence  of  air.  Arsenobenzene 
is  changed  completely  into  triphenylarsine»  m.  p.  58^,  and  free  arsenic.'® 
The  following  reactions  are  indicated  for  the  heat  decomposition. 

CJI»As(CHOHR),  — ►COIsAsH,  +  2RCHO 

2C«HsAsHi  +  Oi  — ►  CfHftAs«AsCJIf  +  2HtO 

3C«H»As»AsC«Hi  — ^  2(C«H»)tAs  +  As 

The  products  are  perfectly  stable  in  long  continued  contact  with  water, 
dil.  sodiiun  hydroxide  and  cold  dil.  hydrochloric  add. 

When  5  g.  of  6i5-(a-hydroxy-n-butyi)phenylarsme  is  mixed  with  25  cc.  of  water  and 
sealed  in  a  bomb  tube,  the  lower  end  of  which  is  immersed  in  an  oil-bath  heated  at 
140^  for  30  hours,  it  is  unchanged.  In  a  similar  manner  1  g.  of  6f5-(a-h7drozybenzyl) 
phenylarsine  is  recovered  unchanged  in  weight  and  melting  point  after  65  hours' 
heating.  Bi^-Ca-hydrozy-n-butyOphenylarsine  and  6ff-(a-hydroxybenzyl) phenylarsine 
are  unaffected  by  24  hours'  heating  with  10%  sodium  hydroxide  solution.  On  the 
other  hand,  heating  for  only  a  short  time  with  dil.  hydrochloric  add  is  sufficient  to 
cause  decomposition.     This  reaction  is  discussed  under  the  heading  "Halogen  Acids." 

Oxidation. — ^When  the  W5-(a-hydroxyalkyl)arylarsines  are  allowed 
to  stand  for  a  few  days  in  contact  with  the  air  a  white  solid  is  gradually 
deposited.  The  liquid  portion  is  fotmd  to  have  lost  arsenic  and  to  give 
a  strong  fuchsin  aldehyde  test.  The  solid  is  identified  as  the  respective 
aryl  arsonic  add.  This  oxidation  is  more  rapid  in  solution,  particularly 
in  carbon  tetrachloride. 

Thus  1  g.  of  W5-(a-hydrox3rethyl)phenylarsine  is  completely  decomposed  by  dissolv- 
ing it  in  10  cc.  of  carbon  tetrachloride  and  passing  a  slow  stream  of  air  through  the  solu- 
tion for  1  hour.  Heat  is  evolved,  the  solution  becomes  turbid,  and  the  odor  of  phosgene 
is  very  distinct.  The  mixture  gives  a  strong  aldehyde  test  and  on  evaporation  phenyl- 
arsonic  add  is  the  only  substance  obtained.  No  action  is  observed  when  a  stream  of 
carbon  dioxide  is  substituted  for  air.  Bis-  (a-hydroxy-»-butyl)  phenylarsine  is  oxidized  in 
exactly  the  same  way,  but  W5-(a-hydroxybenzyD  phenylarsine  is  perfectly  stable  in 
carbon  tetrachloride  solution. 

In  a  50cc.  Claisen  flask  connected  to  a  spiral  condenser  and  reodver,  both  cooled 
by  ice  and  water,  is  placed  5  g.  of  H5-(a-hydroxy-n-butyl)  phenylarsine.  Through  a 
separatory  funnd  18  cc.  of  35%  nitric  add  is  now  added  drop  by  drop.  A  vigorous 
reaction  takes  place.  The  distillate,  wdghing  2  g.,  is  butyraldehyde.  On  evaporation 
of  the  Hquid  remaining  in  the  Claisen  flask  2.75  g.  of  phenylarsonic  add  is  recovered. 

Cai»As(CHOHR),  -f  6HNO1  — ►  C«H*AsQ,H,  -f  2RCHO  +  3H,0  -f  6NO1 

Alkaline  potassium  permanganate  gives  a  similar  result.  The  same  reactions  occur 
when  6f5-(a-hydroxyethyl)phenylarsine  is  treated  with  nitric  add  or  potassium  per- 
manganate. 

Reduction. — A  number  of  attempts  have  been  made  to  reduce  bis-ia- 
hydroxyethyl)phenylarsine  C^HsAsCCHOHCHs)!,  to  phenyldiethyl  arsine» 
CcHsAsCCHfCHs)!-  Zinc  and  hydrochloric  acid,  zinc  and  acetic  add, 
aluminum  powder  and  sodium  hydroxide  and  sodium  and  absolute  alcohol 
do  not  reduce  this  compotmd,  the  original  substance  being  recovered  in 
»  Ber.,  14,  913  (1881). 
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each  case.    In  the  first  three  instances  the  condensation  product  appears 
to  coat  the  metal  so  that  the  latter  reacts  with  great  difSculty. 

Dehydration. — When  a  solution  of  W5-(a-hydroxyethyl)phenylarsine 
in  dry  ether  is  allowed  to  stand  with  phosphorus  pentoxide,  slight  charring 
occurs  but  most  of  the  product  is  recovered  unchanged.  Fused  zinc 
chloride  dissolves  in  the  same  compound  with  formation  of  a  thick  sirup, 
probably  an  addition  product. 

Tieng.  of  fr»5<(a-h7droxyeth7l)pheii3riarsineaiid2  g.  of  metallic  sodium  are  placed 
in  a  small  beaker  and  allowed  to  3tand  in  a  desiccator  over  sulfuric  add  for  2  weeks. 
During  that  time  the  sodium  becomes  discolored,  but  the  unchanged  condensation  prod- 
uct can  be  recovered  by  dissolving  in  dry  ether,  filtering,  and  distilling  the  filtrate. 

Halogens. — ^Two  moles  of  solid  iodine  are  placed  in  the  apparatus 
which  has  been  described  in  connection  with  oxidation  by  nitric  acid. 
One  mole  of  bts-(a-hydroxy-n-butyl)phenylarsine  is  added  drop  by  drop. 
The  liquid  which  distils  over  below  80  **  is  butjrraldehyde.  A  heavy, 
dark  oil  remaining  in  the  Claisen  flask  cannot  be  distilled  tmder  20  mm. 
pressure  without  decomposition.  It  gives  free  iodine  and  phenylarsonic 
acid  when  treated  with  cone,  nitric  acid.  This  behavior  is  characteristic 
of  phenylarsenious  iodide.'®  Other  condensation  products  give  similar 
results. 

C«H»As(CHOHR),  +  21,  — ►  CeH^AsI.  +  2HI  +  2RCH0 

The  aliphatic  aldehyde  compotmds  may  be  dissolved  in  ether  and  ti- 
trated quantitatively  with  standard  iodine  solution  as  "represented  in  the 
above  equation.  The  end-point  is  reswrhed  when  the  ether  solution  as- 
sumes a  permanent  yellow  color.  The  results  indicate  the  absorption  of 
4  atoms  of  iodine  to  1  molecule  of  arsine.  After  neutralization  of  the  ether 
solution  at  the  end  of  titration,  a  strong  fuchsin  aldehyde  test  is  obtained. 
Bw-(a-hydroxy-«-propyl)phenylarsine:  subs.,  0.1208:  16.1  cc.  of  iodine  (lcc.= 
0.0164  g.  I).    Calc.  for  CuHitOiAs:  16.05  cc. 

j5i5-(a-hydroxy-«-butyl)phenylarsine:  subs.,  0.1383:  16.3  cc.  iodine  (1  cc.  =0.0164 
g.  I).     Calc.  for  Ci4HtiO|As:   16.46  cc. 

Bromine  reacts  violently  leaving  a  heavy  reddish  oil.  Since  the  latter 
gives  phenylarsonic  add  and  free  bromine  when  treated  with  nitric  acid, 
it  is  probably  phenyl-dibromo-arsine.  The  reaction  doubtless  follows 
the  same  course  as  with  iodine,  although  the  formation  of  aldehyde  has 
not  been  proved. 

A  stream  of  moist  chlorine  is  passed  into  several  grams  of  6ts-(a-hy- 
droxyethyl)phenylarsine.  A  violent  reaction  accompanied  by  considerable 
decomposition  takes  place.  On  cooling,  needles  form  which  have  been 
identified  after  recrystallization  from  alcohol  as  phenylarsonic  add. 
It  is  conduded  that  the  reaction  followed  a  coiu-se  similar  to  that  given  by 
iodine,  phenyl-dichloro-arsine  being  formed.  The  production  of  phenyl- 
arsonic acid  is  explained  as  follows.'^ 
"  Bff..  9,  1668  (1876). 
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CI,  3H,0 

CHjAsCl,  — >  CJIiAsCU  — ►  COTsAsOOIi  +  4Ha 

It  is  noteworthy  that  the  to-(a-hydroxyalkyl)arylarsines  do  not  form 
addition  products  with  chlorine  as  do  the  isomeric  esters'*  of  phenyl- 
arsenious  add. 

Ethyl  Iodide. — Three  g.  of  &fj-(a-hydrozyethyl)phenylarsine  and  2 
g.  of  ethyl  iodide,  when  sealed  in  a  test-tube  and  allowed  to  stand  for 
6  months,  form  gradually  a  dark  sirupy  mass  which  cannot  be  purified. 

Six  g.  of  6i5-(a-hydroxy-«-butyl)phenylarsine  and  4  g.  of  ethyl  iodide  are 
refluxed  gently  for  20  hours.  The  solution  is  transferred  to  a  crystal- 
lizing dish  and  evaporated  spontaneously.  The  residue  consists  of  phenyl- 
arsine  oxide,  m.  p.  120-122*^,  The  same  product  is  obtained  when  bis-la- 
hydroxybenzyOphenylarsine  is  used  in  this  reaction. 

Phosphorus  Pentachloride. — Thirty-five  g.  of  phosphorus  penta- 
chloride  is  placed  in  a  small  Claisen  flask  connected  to  a  glass  worm  con- 
denser, which  is  cooled  by  a  freezing  mixture,  and  20  g.  of  bis-ia-hy- 
droxyethyl)phenylarsine  is  added  slowly  through  a  dropping  funnel.  The 
heat  of  the  reaction  is  great  but  immersion  of  the  Claisen  flask  in  ice  water 
holds  back  any  material  from  the  distillate  which  boils  above  60**.  Five 
g.  of  low-boiling  product  is  collected;  on  decomposition  with  water  (added 
drop  by  drop)  practically  all  goes  into  solution  and  on  neutralization 
of  the  latter  a  strong  aldehyde  test  is  obtained.  The  few  immiscible 
drops  are  undoubtedly  ethylidene  chloride.  The  distillation  is  continued 
under  diminished  pressure.  A  fraction  boiling  below  60°  at  80  mm., 
(31  g.)  consists  mainly  of  phosphorus  trichloride.  The  fraction  (16  g.), 
boiling  at  153-155^  at  18  mm.,  is  phenylarsenious  chloride. 

Subs.,  0.2127:  11.0  cc.  iodine  (1  cc.  =0.0064  g.  As).    Subs.,  0.1663:  AgCl,  0.2173. 
Calc.  for  CeHtClsAs:  As.  33.63;  0, 31.84.    Pound:  As,  33.57;  CI,  32.29. 

C«H»As(CHOHR),  +  2PCU  — ►  CeH^AsCI,  +  2Ha  +  2PC1,  +  2RCHO 

Phenylarsenious  Chloride. — One  g.  of  &t5-(a-hydroxyethyl)phenylar- 
sine  is  mixed  with  an  equal  weight  of  phenylarsenious  chloride.  Slight 
warming  and  turbidity  are  observed.  After  1  week  the  mixture  is  practi- 
cally solid.  It  is  transferred  to  a  filter  and  washed  thoroughly  with  ether. 
The  residue  is  arsenobenzene,  identified  by  a  mixed  melting  point  at 
19ft-199**.    The  washings  give  an  aldehyde  test. 

C«H»As(CHOHR),  +  CeH»AsCl» — ►  C«HiAs-AsCJFI»  +  2HC1  +  2RCHO 

Add  Chlorides. — ^Many  attempts  to  prepare  esters  from  all  of  the 
simple  condensation  products  by  means  of  acetyl  chloride,  acetic  anhy- 
dride, oxalyl  bromide,  oxalyl  chloride,  benzoyl  chloride  and  f-nitroben- 
zoyl  chloride  have  been  made.  In  the  cold  without  solvent  (except  in  the 
case  of  oxalyl  chloride  which  acts  as  a  chlorinating  agent  in  the  manner  of 
phosphorus  pentachloride),  in  the  Schotten-Baumann  reaction  and  in 

"  Ann.,  320,^287  (1902). 
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pyridine  solution  the  compounds  are  tmaffected.  The  result  of  heating 
certain  of  these  substances  with  add  chlorides  or  anhydrides  is  discussed 
under  the  preparation  of  tetrahydro-dioxdiarsines. 

Grignard  Reagents. — ^The  substances  do  not  give  any  apparent  re- 
action with  methyl  magnesiimi  iodide  in  dry  ether  solution.  Using  the 
method  of  ZerewitinoflF,**  there  is  no  evidence  of  reaction  with  methyl 
magnesium  iodide  in  n-butyl  ether  either  at  room  temperature  or  150**. 

Halogen  Acids. — ^When  constant-boiling  hydriodic  acid  is  added  to 
bts-(a-hydroxyethyl)phenylarsine,  heat  is  evolved,  the  acid  is  decolorized 
and  a  yellow  solid  is  formed  within  a  few  minutes.  The  product,  filtered 
oflF  and  washed  with  ether,  is  a  yellow  powder,  m.  p.  94-96**,  insoluble  in 
water,  slightly  soluble  in  organic  solvents.  It  is  stable  to  alkali,  but  soon 
melts  in  the  air  to  a  pasty  mass.  It  is  therefore  advisable  to  analyze 
imimediately  without  any  attempt  at  ptuification.  The  results  show  the 
formation  of  an  addition  compotmd  between  1  mole  of  arsine  and  1  mole 
of  hydriodic  acid. 

Subs.,  0.3208:    15.0  cc.  iodine  (1  cc.  "=0.0446  g.  As).     Calc.  for  CioH»0,As.HI: 
As,  20.27.    Found:   20.85. 

Bw-(a-hydroxy-n-butyl)phenylarsine  forms  an  addition  product  with  hy- 
driodic add,  m.  p.  157-158°.  If  too  much  hydriodic  add  is  used  decompo- 
sition may  take  place  rather  than  addition. 

Hydrobromic  add  adds  much  more  slowly  than  hydriodic  add  and  the 
products  are  somewhat  more  stable.  £is-(a-hydrozyethyl)phenylarsine 
hydrobromide,  m.  p.  117-118°;  W5-(a-hydroxy-n-butyl)phenylarsine  hy- 
drobromide,  m.  p.  111-112°.  All  of  the  above  mdting  points  were  ob- 
tained by  inserting  the  capillary  in  the  bath  heated  to  about  5°  below 
the  mdting  point  and  raising  the  temperature  very  slowly. 

Some  solid  is  formed  when  Wj-(a-hydroxyethyl)phenylarsine  is  allowed 
to  stand  for  several  weeks  with  constant-boiling  hydrochloric  add,  but 
the  prindpal  reaction  is  decomposition. 

£is-(a-hydrozybenzyl)phenylarsine  does  not  form  addition  compounds 
with  any  of  the  halogen  acids  even  on  long  standing. 

Addition  Compounds  with  Chloroplatinic  Add.— When  treated  in  al- 
coholic solution  with  a  slight  excess  of  chloroplatinic  add,  the  &i5-(a-hy- 
droxyalkyl)arylarsines  form  addition  compotmds  in  1 :1  proportion.  By 
addition  of  water,  the  product  is  thrown  down  as  a  flocculent  predpitate. 
After  several  crystallizations  from  dil.  alcohol,  the  substances  are  finally 
pure.  In  final  form  they  are  light  yellow  powders.  The  following  have 
been  prepared. 

Bts^Co^hydroxyethyOphenylarsine  chloropUttsate,  C«H»As(CHOHCH«)i.HtPtCU.-- 
M.  p.,  169-170". 

M  Zerewitinoff ,  Ber.,  40,  2023  (1907);    41,  2233  (1906). 
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Analysis.  Subs.,  0.1372:  Pt,  0.0408.  Calc.  for  CioHuOiAs.H,PtCle:  Pt.  29.91. 
Found:   29.73. 

^f5-(a-h7drozy-n-prop7l)pheiiylarsiiie  chloroplati]iate,C«HiAs(CHOHCtHi)i.H|Pt- 
Clt.— M.  p.,  148-149*. 

Analysis.  Subs.,  0.2942:  Pt,  0.0824.  Calc.  for  CuHi90,As.H,PtCU:  Pt,  28.66. 
Pound:    28.01. 

B«5^(a-h7droxy-'»-butyl)phen7laTsine  chloroplatinate,  C«HftAs(CHOHCtH7)t.HsPt- 
Of.— M.  p..  119-121". 

Analysis.  Subs.,  0.3024:  Pt,  0.0822.  Calc.  for  Ci4HM0»As.H,PtCU:  Pt,  27.64. 
Found:  27.17. 

^«5-(a-h7droz7i5avalei7l)phen7larsine  chloroplatinate,  C«H»As(CH0HC4Ht}t.Hs- 
PtCle.— M.  p.,  84-n85*. 

Analysis,  Subs.,  0.4109:  Pt,  0.1086.  Calc.  for  Ci»H«OiAs.H,PtCle:  Pt,  26.53. 
Found:   26.43. 

Reactions  of  the  Tetrahydro-dioxdiarsines 

Unless  otherwise  designated,  the  technique  for  the  work  described  below 
is  the  same  as  that  employed  for  the  corresponding  reactions  of  the  com- 
pounds CeH5As(CHOHR)2. 

Stability. — ^The  methyl  compotmd  is  tmaffected  by  long  standing 
in  the  cold  with  water,  dil.  hydrochloric  acid  or  dil.  sodium  hydroxide. 
Twenty  g.  of  the  same  product  is  recovered  unchanged  after  heating  for 
3  hours  under  a  reflux  condenser  with  a  solution  of  10  g.  of  potassium  hy- 
droxide in  50  cc.  of  absolute  alcohol.  This  result  is  distinctly  favorable 
to  the  sjrmmetrical  tetrahydro-dioxdiarsine  structure  which  has  been 
advanced.  The  compoimd,**  (C6H5)2AsOCeH6,  is  less  easily  hydrolyzed 
than  the  esters^ °  of  phenylarsenious  add.  The  tetrahydro-dioxdiarsine 
structure  successfully  explains  the  still  greater  stability  which  has  been 
observed. 

Oxidation. — ^The  first  member  of  the  series,  tetrahydro-2,5-diphenyl- 
1,4,2,5-dioxdiarsine,  is  oxidized  very  rapidly  by  air.  A  solution  of  17  g. 
of  the  substance  in  50  cc.  of  acetone  warms  on  exposure  to  air  and  soon  gives 
a  strong  fuchsin  aldehyde  test.  After  standing  for  some  hours,  the  £u:etone 
is  evaporated  and  the  white,  microcrystalline  residue  weighing  16  g.  is  re- 
crystallized  from  alcohol.  Although  the  resulting  product  gives  a  melting 
point  about  10°  below  that  of  pure  phenylarsine  oxide,  m.  p.  119-120**, 
analysis  provides  a  complete  identification. 

Subs.,  0.2611,  0.1577:  COi,  0.3980,  0.2410;  H,0.  0.0752,  0.0451.  Subs.,  0.1649: 
16.6  cc.  iodine  (1  cc.  =0.00446  g.  As).  Calc.  for  CJI»OAs:  C,42.86;  H,  2.98;  As,  44.64. 
Found:  C,  41.67,  41.63;  H,  3.22,  3.19;  As,  44.89. 

The  higher  members  of  the  series  are  oxidized  much  more  slowly  and 
in  a  number  of  cases  the  oxide  obtained  has  a  correct  melting  point. 
When  1  g.  of  methyl  compound  is  treated  with  cone,  nitric  add,  aldehyde 

"i4ii«.,  321,  143  (1902). 
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is  evolved,  and  phenylarsonic  acid  is  obtained  by  evaporation  of  the  re- 
action mixture. 

(CcHiAsOCHR),  +  8HN0,  — >  2C«H»AsO,H,  +  2RCHO  +  8NO1  +  2H,0 

Iodine. — One  g.  of  methyl  compound  is  dissolved  in  a  few  cubic  centi- 
meters of  ether  and  iodine  is  added  in  small  portions.  The  solution  gives 
an  aldehyde  test.  On  evaporation  there  remains  a  heavy,  dark  oil,  which 
is  washed  with  ether  by  decantation  and  shown  to  be  phenylarsine  di- 
iodide  by  a  method  described  above. 

(C«H*AsOCHR),  -f  21,  — ►  2C«H*AsI,  +  2RCHO 

The  tetrahydro-dioxdiarsines  cannot  be  titrated  quantitatively  with 
iodine  solution. 

Halogen  Acids. — Constant-boiUng  halogen  adds  do  not  form  addition 
products.  Slow  decomposition  takes  place  with  production  of  aldehyde. 
No  attempt  has  been  made  to  identify  other  products  of  the  reaction. 

Ethyl  Iodide. — ^Two  g.  of  methyl  compound  and  a  considerable  excess 
of  ethyl  iodide  are  refluxed  for  4  hours.  On  evaporation  of  the  ethyl 
iodide,  the  original  tetrahydro-dioxdiarsine  is  recovered  unchanged  and 
practically  quantitatively. 

Phosphorus  Pentachloride. — An  excess  of  phosphorus  pentachloride 
is  mixed  with  1  g.  of  the  methyl  derivative.  A  vigorous  reaction  with  evo- 
lution of  aldehyde  takes  place.  The  reaction  mixture  is  treated  cautiously 
with  water  and  the  precipitated  oil  removed  by  a  capillary  pipet.  It 
yields  phenylarsonic  add  on  treatment  with  chlorine  and  water  and  so 
is  imdoubtedly  phenyl-dichloro-arsine.*^ 

(CJBUAsOCHCHi),  +  2PCU  — >•  2C«H»AsCl,  +  2PCI3  +  2RCHO 

Addition  Compounds  with  Chloroplatinic  Acid. — These  are  prepared 

in  the  same  manner  as  the  similar  substances  from  the  di-a-hydroxy- 

alkyl  arsines.    The  compounds  crystallize  in  colorless  flocks  from  dil. 

alcohol. 

Tetrah7dro-3,(^diinethyl-2,5-dipheiiyl-l  ,4,2,5-diozdiarsine  chloropUtinate, 
O— CHCH, 

CeH,As<^  ^AsCai$.H,PtCl..— M.  p.,  130-131  ^ 

CHiCH— O 

Analysis.    Subs.,  0.1069:   Pt,  0.0258.    Calc.  for  CwHuOiAsi.HjPtCU:    Ft,  24.31. 
Found:   24.14. 

Tetra]iydro-3,6-dujobutyl-2,5-diphenyl-l ,4,2,5-diozdiarsme  chloroplatinate, 
O— CHC4H9 

C.HjAs<^  NAsCfiHs.HjPtCl..— M.  p.,  76-77 ^ 

C4H,CH— O 
Analysis,    Subs.,  0.1338:    Pt,  0.0292.     Calc.  for  CwHwOjAsa.HjPtCU:    Pt.  22.01. 
Found:   21.82. 

Addition  Compounds  with  Cupric  Chloride. — In  a  similar  manner  to 
the  above  there  are  obtained  addition  products  with  cupric  chloride. 
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These  crystallize  in  colorless  flocks  from  dil.  alcohol.    The  cuprichlorides 

turn  green  on  standing  in  air  and  decompose  rather  quickly  at  110°. 

Tetra]iydro-3,6-d]methyl-2,5-dipheiiyl*l  ,4;2,5-diozdiArsine  cuprichloride, 
O— CHCH, 

C«H»As<^  NasC«H,.CuC1,.— M.  p.,  150-152  ^ 

CHjCH— O 

Analyses.    Subs.,  0.1970,  0.2010:    11.6,  11.8  cc.  iodine  (1  cc.  =0.00446  g.  As). 
Calc.  for  CiiHitOkAss.CuCb:  As,  26.59.    Pound:  26.25,  26.22. 

Tetrahydro-3,6-diisobotyl-2,5-dipheiiyl-l ,4,2,5-diozdiar8ine  cuprichloride, 
O— CH.C4H, 

Cja*As<^  \AsC,H,.Cua,.— M.  p.,  78-79**. 

CiHtCH— O 
Analyses.    Subs.,  0.1415,  0.1730:  8.2,  9.5  cc.  iodine  (1  cc.  «0.00446  g.  As).     Calc. 
for  CbH»Q,As».CuC1,:  As,  24.57.     Found:  24.71.24.55. 

Reduction  Reactions 

Benzaldehyde. — A  mixture  of  7.5  g.  of  phenylarsine,  5  g.  of  benzalde- 
hyde  and  25  cc.  of  glacial  acetic  acid  is  heated  under  a  reflux  condenser 
in  a  current  of  carbon  dioxide  for  2  hours.  The  precipitated  solid  is  filtered 
off,  washed  with  ether  and  identified  as  arsenobenzene  (6.75  g.).  This 
and  many  other  samples  of  arsenobenzene  which  have  been  obtained 
contain  a  sUght  impurity  of  phenylarsonic  add.  The  very  high  melting 
anhydride  of  the  latter,  which  is  formed  above  158°,  causes  the  arseno- 
benzene to  melt  as  much  as  25°  high.  By  extraction  with  aqueous  alkali 
and  one  or  more  recrystallizations  from  benzene  or  chlorobenzene,  a  melt- 
ing point*®  and  mixed  melting  point  of  196-197°  can  be  obtained. 

Subs.,   0.2466:    28.6   cc.   iodine    (1    cc.«0.0042   g.   As).     Calc.    for    CuHwAsj: 
As,  49.33.    Found:  49.24. 

The  filtrate  from  the  arsenobenzene  has  a  very  strong  ester  odor.  On 
distillation,  acetic  acid  is  recovered  at  first.  A  fraction  is  collected  which 
boils  at  200-210°  under  atmospheric  pressure.  This  is  refluxed  for  several 
hours  with  cone,  sodium  hydroxide  solution.  The  reaction  mixture  is 
distilled  with  steam,  the  non-aqueous  portion  of  the  distillate  separated 
and  identified  as  benzyl  alcohol  by  preparation  of  the  />-nitrobenzoate,** 
m.  p.  84r-88°.  A  portion  of  the  residue  which  remains  in  the  distilling 
flask  is  evaporated  to  dryness  and  the  presence  of  acetic  add  shown  by  the 
cacodyl  test. 

2C,H»CH0  4-  2CJl»AsH,  +  2CH,COOH  — ►  2CJl4CH,OOCCH,  + 
C«H*As=AsC«H,  +  2H,0 

Phenylarsine  is  oxidized  in  a  similar  manner  when  heated  at  100° 
with  benzaldehyde  in  1 :1  proportion  in  a  sealed  tube  filled  with  carbon 
dioxide.    The  reduction  takes  place  even  in  the  presence  of  cone,  hydro- 
chloric add,  the  condensation  reaction  being  entirely  prevented  at  100°. 
»  Ber„  30,  2288  (1897). 


Digitized  by  LjOOQIC 


1380  CHARI<8S  SHATTUCK  PAI^ISR  WITH  ROGER  ADAMS 

Anisic  Aldehyde, — ^A  mixture  of  6.5  g.  of  anisic  aldehyde,  7.5  g.  of 
phenylarsine  and  5  g.  of  fused  sodium  acetate  is  sealed  in  a  bomb  tube 
filled  with  carbon  dioxide.  After  6  hours'  heating  on  the  boiling  Water- 
bath,  the  tube  is  opened,  the  contents  filtered  and  the  residue  washed  with 
absolute  alcohol.  The  filtrate  and  washings  are  set  aside  to  evaporate, 
and  the  residue  washed  with  water  to  remove  sodium  acetate.  There 
remains  undissolved  only  arsenobenzene  (dry  weight,  6  g.). 

On  evaporation  of  the  alcohol  washings,  an  oil  is  obtained.  It  is  heated 
tmder  a  reflux  condenser  with  cone,  sodium  hydroxide  solution  for  2 
hours  and  then  distilled  with  steam  from  the  reaction  mixture.  In  this 
way  anisic  alcohol,**  m.  p.  45**,  is  isolated. 

2CH,OC*H4CHO  4-  2C«H5AsH,  — ►  2CHtOC«H4CH,OH  +  CeH^As-AsCJI. 

p-Chlorobenzaldehyde. — Nine  g.  of  f-chlorobenzaldehyde  and  10  g. 
of  phenylarsine  are  dissolved  in  75  cc.  of  benzene,  1  g.  of  fused  zinc  chloride 
is  added,  and  the  mixture  allowed  to  stand  for  5  da3rs  in  a  sealed  flask 
filled  with  carbon  dioxide.  The  flask  is  opened  and  the  arsenobenzene 
(dry  weight,  10  g.)  filtered  off.  On  concentration  of  the  filtrate,  long 
prisms  crystallize,  m.  p.  70-71  ^'j  weight,  9  g.  This  is  p-chlorobenzyl 
alcohol.*^ 

Subs.,  0.1216:  AgCI,  0.1258.  Calc.  for  C7H7OCI:  CI,  24.84.  Found:  25.50. 
"  m-Nitrobenzaldehyde. — When  attempts  are  made  to  condense  m-nitro 
benzaldehyde  and  phenylarsine  by  the  general  method,  a  thick  sirup  is 
formed.  Crystals  can  be  obtained  from  this  product  with  considerable 
difficulty.  These  are  invariably  arsenobenzene.  Apparently  the  action 
is  reduction  of  the  nitro  group. 

As  a  check  upon  this  view,  2  g.  of  nitrobenzene  is  dissolved  in  ether, 
the  calculated  quantity  of  phenylarsine  added  and  the  solution  sealed 
in  a  flask  filled  with  carbon  dioxide.  After  standing  overnight,  it  is  found 
that  the  nitrobenzene  is  reduced  to  hydrazobenzene,  m.  p.  128-132**. 

4C«HiN0i  -f  lOCH^AsH, — ►  2C.H.NHNHC6H*  -f  5C6H»As=AsC«H«  +  8H,0 

Cinnamic  Aldehyde  reacts  vigorously  when  mixed  with  an  equimolec- 
ular  proportion  of  phenylarsine.  Even  in  the  presence  of  cone,  hydro- 
chloric acid,  reduction  takes  place.  The  reaction  mixture  is  extracted 
with  ether,  the  arsenobenzene  filtered  off,  the  ethereal  solution  evaporated, 
and  the  residual  oil  identified  as  cinnamic  alcohol  by  preparation  of  the 
phenylurethane'*  derivative,  m.  p.  90-92**. 

Crotonic  Aldehyde  and  Salicylic  Aldehyde  are  reduced  in  a  similar 
manner  with  the  formation  of  arsenobenzene  and  other  products  which 
have  not  been  identified. 

»  Ber.,  19,  2376  (1886). 
»  Am,  Chem.  J.,  2,  88  (1880). 

"  Rosenthaler,    "Der   Nachweis   organischer   Verbindungen,"   Ferdinand    Enke, 
Stuttgart,  1914,  p.  87. 
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Chloral. — ^When  chloral  or  chloral  hydrate  is  allowed  to  react  with 
phenylarsine  according  to  the  general  method  for  the  preparation  of  bis- 
(a-hydrozyalkyl)a]7larsines,  a  violent  reaction  takes  place.  On  distil- 
lation of  the  reaction  mixture  much  excess  of  chloral  is  recovered.  The 
fraction  which  boils  at  180-182°  at  70  mm.  consists  of  phenylarsenious 
chloride. 

In  another  experiment,  3.5  g.  of  chloral  is  placed  in  a  Claisen  flask 
filled  with  carbon  dioxide  connected  to  a  glass  worm  surrounded  by  a  freez- 
ing mixture.  Five  g.  of  phenylarsine  is  added  drop  by  drop  through  a 
separatory  funnel.  A  considerable  quantity  of  gas  is  lost,  but  the  few 
drops  of  distillate  collected  in  a  well-cooled  receiver  are  identified  as 
acetaldehyde  by  boiling  point  and  aldehyde  test.  Some  arsenobenzene 
is  obtained  despite  rigid  exclusion  of  air.  Doubtless  this  is  formed  by  in- 
teraction'*  of  CsH^AsCU  and  CeH^AsHs. 

3CJI»AsH,  +  2CCUCHO  — ►  3C«HsAsCl,  +  2CH,CHO 

Stunmary 

1.  Primary  aryl  arsines  and  aldehydes  react  in  three  ways,  depending 
upon  the  conditions  of  the  reaction,  as  shown  by  the  following  equations. 

(o)  CtHjAsH,  -f  2RCH0  — ►  C«H»As(CHOHR), 

O-CHR 

(b)  CH^AsH,  -h  4RCHO  — ►    CHjAs/  ^AsCtH,  +  2RCHiOH 

RCH— O 

(c)  CJIiAsH,  +  2RCH0  — ►  C«HjAs=AsC«H,  +  2RCH,0H 

2.  Aromatic  primary  arsines  and  aliphatic  aldehydes  condense  in  the 
presence  of  cone,  hydrochloric  acid  at  room  temperature  to  give  compotmds 
of  the  formula  C«HftAs(CHOHR),. 

3.  Aromatic  primary  arsines  condense  with  aromatic  aldehydes,  with 
or  without  a  solvent,  best  in  the  presence  of  hydrogen  chloride  to  give 
compotmds  of  the  general  formula  C«H^s(CH0HR)2. 

4.  Primary  aromatic  arsines  condense  with  aliphatic  aldehydes  in  the 
presence  of  anhydrous  hydrochloric  add  to  give  tetrahydro-dioxdiar- 
sines  of  the  general  formula  given  in  (16).  These  same  substances  may 
be  formed  by  the  action  of  acetyl  chloride,  acetic  anhydride,  or  anhy- 
drous hydrochloric  acid  upon  compotmds  mentioned  in  (2). 

5a.  The  substances  RAs(CH0HR)2,  where  the  aldehyde  used  is  ali- 
phatic, oxidize  readily  in  the  air  to  form  an  aiylarsonic  acid  and  aldehyde. 
Other  oxidizing  agents,  such  as  potassitun  permanganate  or  nitric  acid, 
cause  decomposition  to  take  place  in  the  same  way.  Air  does  not  oxidize 
most  of  the  compotmds  which  are  derived  from  aromatic  aldehydes. 
»  G«r.  pat,  254,187,  Ber.,  4i^  3666  (1918). 


Digitized  by  LjOOQ IC 


I3d^    J.  B.  C6NAN¥,  fi.  U.  KAttN,  L.  ^.  iM^Ar  aHd  s.  d.  Kmttz,  Jft. 

5b.  With  halogens,  phosphorus  pentachloride  and  phenylarsenious 
chloride,  products  are  obtained  which  would  be  expected,  providing  the 
original  substances  were  mechanical  mixtures  of  aldehyde  and  aisine. 
The  compotmds  may  be  titrated  quantitatively  with  a  solution  of  iodine 
in  ether. 

5c.  The  compotmds  form  tmstable  addition  products  with  halogen 
acids,  and  stable  addition  compounds  with  chloroplatinic  add. 

6a.  The  tetrahydro-dioxdiarsines  formed  according  to  Equation  (lb), 
oxidize  in  the  air  to  give  aryl  arsine  oxides  and  aldehydes.  This  is  par- 
ticularly noticeable  where  the  product  is  a  derivative  of  formaldehyde. 

6b.  The  compotmds  form  double  salts  with  chloroplatinic  acid  and 
cupric  chloride. 

6c.  With  iodine  or  phosphorus  pentachloride,  products  are  obtained 
which  might  be  expected  from  a  mixture  of  aryl  arsine  and  aldehyde. 

7.  Aromatic  primary  arsines  reduce  aromatic  aldehydes  to  alcohols 
with  the  formation  of  arsenobenzene,  when  a  mixttu-e  is  made  at  room 
temperattu-e  with  no  hydrochloric  acid  as  a  catalsrst,  or  when  a  mixture  is 
heated  with  or  without  hydrochloric  add. 

8.  A  discussion  of  the  structure  of  the  variotis  condensation  products 
is  given. 

9.  The  probable  mechanism  for  the  condensation  of  aromatic  pri- 
mary arsines  and  aromatic  arsine  oxides,  antimony  tri-chloride,  etc., 
is  discussed. 
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Introductioti 

Certain  organic  substances,  such  as  anthraquinone,  indigo  and  the  vat 
dyes,  have  the  rather  unique  property  of  being  easily  reduced  in  aqueous 
solutions  by  such  reagents  as  sodium  hydrosulfite  and  titanous  chloride. 
The  reaction  is  readily  reversible,  and  the  reduced  material  may  be  re- 
oxidized  by  almost  any  mild  oxidizing  agent,  and  even  by  oxygen  itself. 
These  reactions  are  very  rapid,  and  take  place  at  room  temperature.  They 
seem  to  involve  a  different  kind  of  process  from  such  irreversible  reductions 
as  the  hydrogenation  of  ethylene  derivatives,  or  the  reduction  of  aldehydes, 
ketones,  and  nitriles.    It  is  of  interest  to  determine,  if  possible,  the  mecha- 

^  The  theoretical  portions  of  this  paper  and  an  account  of  some  preliminary  experi- 
ments were  presented  to  the  Northeastern  Section  of  the  American  Chemical  Society, 
April  8,  1921. 
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nism  of  each  of  these  two  classes  of  reduction  reactions  and  to  discover  what 
particular  type  of  compound  is  essential  for  each. 

The  experiments  described  in  this  preliminary  paper  deal  with  the  oxida- 
tion-reduction potentials  of  certain  water-soluble  substances  related  to  the 
vat  dyes,  namely  the  salts  of  six  anthraquinone  sulfonic  adds.  The 
results  show  that  the  reduction  of  these  substances  is  strictly  reversible, 
and  the  oxidation-reduction  potential  may  be  readily  measured.  These 
reactions  are,  therefore,  in  every  way  comparable  with  such  inorganic 
processes  as  the  reduction  of  ferric  salts.  Such  reactions  appear  to  involve 
only  the  gain  or  loss  of  one  or  more  electrons;  the  application  of  the  prin- 
dples  of  dectrochemistiy,  therefore,  seems  justified,  and  leads  to  some 
interesting  generalizations.  On  the  other  hand,  many  of  the  more  usual 
cases  of  the  reduction  of  organic  substances  do  not  seem  to  involve  merdy 
electron  transfer.  In  the  reduction  of  ethylene  and  its  derivatives,  for 
example,  hydrogen  atoms  are  actually  added  to  the  molecule;  the  reaction 
is  not  reversible.  Such  reductions  are  brought  about  not  by  reagents  like 
hydrosulfite  or  titanous  chloride,  but  by  hydrogen  and  a  catalyst,  or  by 
some  metal  capable  of  Uberating  ''nascent"  hydrogen.  The  conception  of 
oxidation-reduction  potentials  does  not  seem  applicable  to  such  irrevers- 
ible hydrogenations. 

The  conjugated  system,  O  =  C — C  =  C — C = O,  is  charatecristic  of  many 
substances  which  undergo  reversible  reduction.  The  simplest  case  is  that  of 
quinone.  Indigo  and  the  indigoids,  as  well  as  anthraquinone  and  some 
of  the  vat  dyes  derived  from  it  all  contain  this  system.  Haber  and  Russ^ 
have  carefully  measured  the  potential  of  the  system  quinone-hydroquinone 
in  add  solution.  Recently  Granger  and  Ndson*  have  repeated  Haber's 
work.  Clark^  has  studied  the  oxidation-reduction  potential  of  indigo  car- 
mine and  certain  other  dyestuffs  and  obtained  reprodudble  and  consistent 
results.  All  these  investigations  have  shown  that  the  reduction  of  certain 
organic  compounds  in  add  solution  can  be  expressed  in  terms  of  the  general 
prindples  of  dectrochemistry. 

In  add  solution,  the  reaction  may  be  represented  thus:  (A = oxidized 
form,  AH2= reduced) 

A  -h  2H+  +  2E  Z^  AHi 

The  potential  of  such  a  reaction  is  expressed  by  the  well-known  formula 

x=T,  +  0.059  log  [H+]  +  0.0295  log  [A]/IAH,1  (1) 

where  [A]  is  the  concentration  of  oxidized  form,  and  [AHs]  is  the  con- 
centration of  the  reduced  form. 

x=xo,  obviously,  when  [H+J«l,  and  [A]/[AHi]-l 

«  Haber  and  Russ,  Z.  physik.  Chem.,  47, 257  (1904). 

*  Granger  and  Nelson,  Tms  Journai,,  43, 1401  (1921). 

«  Clark,  /.  Wash,  Acad.  Sd.,  10»  255  (1920);  Science,  54, 557  (1921). 
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This  formula  was  shown  by  Haber  and  Russ  to  express  accurately  all  their 
experimental  results  with  quinone. 

While  the  system  quinone  rhydroquinone  is  reversible  in  add  soluticm, 
side  reactions  make  it  essentially  irreversible  in  alkaline  solutions,  and  no 
constant  values  could  be  obtained  by  Granger  and  Nelson.  The  reactions 
at  present  tmder  investigation  are  reversible  in  both  add  and  alkaline  solu- 
tions. Therefore,  for  the  first  time,  it  has  been  possible  to  measure  the 
potential  of  an  organic  reduction  process  over  a  wide  range  of  hydrogen-ion 
concentration. 

A  consideration  of  the  reaction  in  alkaline  solution  (the  most  usual 
condition  for  vat  dye  reduction)  leads  to  a  slightly  different  point  of  view 
from  that  represented  in  Equation  1.  The  reduction  product,  AHj,  is  an 
add,  and  in  alkaline  solution  is  very  largdy  present  in  the  form  of  the  ion 
A     .    The  reduction,  therefore,  tmder  these  conditions  is  practically 

A  4-  2£  :;;:±  a— . 

Only  the  transfer  of  two  dectrons  is  involved.  If  the  structure  of  the 
substances  under  investigation  is  examined,  it  will  be  observed  that  this 
process  of  reduction  is  essentially  a  1,6  addition  of  two  electrons  to  a  con- 
jugated system. 

0  =  C— C=C— C=0  -I-  2E  ':^  -o— C  =  C— c-c-o- 
This  reaction  is  in  form  exactly  like  those  for  such  inorganic  processes  as 

Fe(CN)e"  +  E  ^I^  Fe(CN)  ^ 

Considering  the  reaction  from  this  point  of  view  the  equation  for  the 
single  oxidation-reduction  electrode  at  25^  would  be 

t-t'o  -I-  0.0296  log  ([A]/[A— ])  (2) 

The  reduced  material  is  a  weak  dibasic  acid,  and  dissodates  according  to  the 
following  equations. 

AH,  :;;±:  h+  +  ah-;  ah-  '^;±:  a—  -i-  h+ 
The  concentration  of  the  divalent  ion  A      can,  therefore,  be  expressed  in 
terms  of  the  total  concentration  of  the  reduced  material,  ([AHi]r),  (which 
is  what  is  really  measured)  in  accordance  with  the  following  considerations. 
^        [Hi    [AHi  [Hi  [A-i 

^^"  [ahT"   '  ^'^       [AH-l 

[AHjr«[A— ]   +   [AH-l   +  [AHj 
From  this  it  follows  that 

\k—\^KxKt\KRt\Tl{KxKt  -h  (H+]«  -|-  X,[H-^]) 
Substituting  this  value  in  Equation  2  we  have 

t=t'o  +  0.0296  log  ([A]/[AH,lr)  -0.0296  log  KJit 
-I-  0.0295  log  (.KiKt  -h  [H+l«  -f  ^i[H+l) 
The  last  term  can  be  expressed  more  conveniently  by  multiplying  and 
dividing  by  [H+p  which  gives: 
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t=t'o  +  0.0295  log  ([A]/[AH,]r)  -0.0296  log  KiKt  +  0.069  log  [H+J 

+  0.0295  log  {Ki(Kt  +  [H+]/[H+l«)  +  l}  (3) 

Equation  3  is  thus  a  general  expression  for  the  oxidation-reduction  po- 
tential in  both  add  and  alkaline  solutions.  Since  the  reduced  compotmds 
are  very  weak  adds,  Equation  3  can  be  simplified  when  applied  to  the 
potentials  measured  in  add  solutions.  The  last  term  is,  under  these  con- 
ditions, negligible  and  [AH2]=  [AHi]^,  therefore 

t=t'o  +  0.0295  log  ([A]/[AH,])  -0.0296  log  KiKi  +  0.069  log  [H+J 
Comparing  this  modified  Equation  3  with  Equation  1,  which  also  ex- 
presses the  potential  in  add  solution,  we  see  that 

xo  =t'o  -0.0295  log  KiKv  (4) 

This  relationship  is  obviously  correct  since  to  is  a  measure  of  the  free  energy 
of  the  formation  of  AHi  from  A,  t'o  a  measure  of  the  free  energy  of  form- 
ation of  A  from  A,  and  0.0295  log  KiK%  corresponds  to  the  free  energy 
change  in  the  dissodation  of  AH2  into  A — . 

In  order  to  test  the  applicability  of  Equation  3  the  electromotive  force 
of  the  following  two  types  of  cells  was  measured. 

(a)  0.1  N  calomel  |  KCl  |  [H+]  A  -f  AH,  Pt 
(b)  0.1  N  calomel  |  KCl  |  [H+]  H,  Pt 
The  mixture  of  oxidized  and  reduced  material  was  obtained  by  adding 
definite  increments  of  a  reducing  agent  to  a  solution  of  the  oxidized  form. 
The  hydrogen-ion  concentration  was  controlled  by  means  of  "buffer" 
solutions.  The  observed  value  of  the  potential  of  the  hydrogen  electrode 
(Cell  b)  supplied  the  necessary  information  in  regard  to  the  hydrogen-ion 
concentration;  the  potential  of  Cell  a  was  the  required  oxidation-reduction 
potential,  and  a  knowledge  of  the  amotmt  of  redudng  agent  added  enabled 
one  to  calculate  the  value  for  the  ratio  of  [A]/[AH2]r-*  As  will  be  shown 
bdow,  the  results  thus  obtained  were  in  accord  with  Equation  3. 

Apparatus   and   Materials 

The  oxidation-reduction  potentials  were  measured  on  2  platinum  elec- 
trodes (one  bright,  the  other  platinized)  immersed  in  the  solution  which 
was  contained  in  a  glass  cell  of  400  cc.  capadty.  The  contents  of  the  cell 
were  agitated  by  a  glass  stirrer  working  through  a  mercury  seal  and  driven 
by  an  electric  motor  by  means  of  a  flexible  shaft.  An  agar-agar  bridge 
saturated  with  potassium  chloride  made  connection  with  a  0.1  AT  calomel 
electrode.  The  cell  could  be  swept  free  from  air  by  the  introduction  of 
nitrogen  free  from  oxygen.  The  redudng  agent  was  contained  in  a  buret 
the  tip  of  which  was  fitted  to  a  tube  leading  to  the  bottom  of  the  cell;  this 
served  also  as  the  inlet  tube  for  the  nitrogen. 

It  was  found  convenient  to  have  the  cell  also  equipped  with  a  hydrogen 
»  Clark  first  used  this  method  in  his  studies  (Ref.  4);<his  paper,  however,  did  not 
come  to  our  attention  until  after  we  had  developed  a  similar  procedure. 
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electrode  of  the  Hildebrand  type  through  which  hydrogen  was  bubbled 
when  desired.  By  this  arrangement  the  potential  of  the  hydrogen  elec- 
trode was  determined  in  the  same  apparatus  as  the  oxidation-reduction 
potential.  As  will  be  evident  later,  any  errors  due  to  liquid  junctions  or  to 
the  calomel  cell  were  thus  canceled  in  the  final  calculations. 

The  electromotive  force  was  measured  on  a  Leeds  and  Northrup  student 
potentiometer  accurate  to  about  0.5  mv.  The  temperature  of  the  cells 
was  kept  at  25®  within  a  degree. 

The  organic  compounds  used  in  this  work  were  the  salts  of  6  anthra- 
quinone  sulfonic  acids.*  As  shown  by  the  titration  etudes,  they  con- 
tained considerable  amounts  of  inert  material  which,  however,  did  not 
interfere  with  the  determination  of  the  oxidation-reduction  potentials  by 
the  present  method.  It  might  be  noted  that  two  samples  of  the  P  salt 
from  different  laboratories  yielded  identical  results.  The  purities  of  the 
sodium  salts  of  the  a-,  /9-,  the  2,6-,  the  2,7-  and  the  1,5-sulfonic  adds  were 
96,  95,  94,  87  and  92%,  respectively.  The  1.5-  and  the  1,8-calcium  salts 
were  83  and  56%  pure,  respectively.  Two  reducing  agents  were  employed; 
titanous  chloride  in  0.1  N  acid  solutions,  and  sodium  hydrosulfite  in  all 
other  solutions.  Difficulties  were  encotmtered  with  titanous  chloride  in 
both  citrate  and  acetate  buffer  solutions  in  the  range  of  Sorensen  value  P^ 
2  to  Ph  7,  complex  precipitates  being  formed.  Hydrosulfite  is  decom- 
posed by  even  dil.  acids,  but  it  was  fotmd  that  it  could  be  used  in  add 
solutions  because  the  speed  of  its  oxidation  by  the  anthraquinone  deriva- 
tive is  much  greater  than  that  of  its  decomposition  by  the  add. 

Control  of  the  Hydrogen-ion  Concentration 
The  concentration  of  the  hydrogen  ion  could  not  be  determined  in  the 
presence  of  the  anthraquinone  derivative.  It  was  thus  necessary  to  keep 
the  hydrogen  ion  at  a  constant  value  by  means  of  a  buffer  solution  during 
the  addition  of  the  reducing  agent.  Except  in  0.1  N  add  and  alkali,  buffer 
solutions  such  as  those  described  by  Clark^  were  employed.  Since  the 
concentration  of  organic  substance  was  very  low  (0.003  M)  it  seemed  that 
such  buffer  solutions  would  keep  the  hydrogen-ion  concentration  constant 
throughout  the  reduction.  The  solutions  were  not  made  up  determinate 
but  were  adjusted  to  the  desired  hydrogen-ion  concentration  which  was 
determined  by  the  hydrogen  electrode  just  before  the  anthraquinone 
derivative  was  added.  For  the  range  Ph  10  to  12,  a  sodium  phenolate 
solution  was  used  with  good  results.  It  was  not  stable,  however,  for  longer 
than  a  day. 
Certain  of  the  compounds  investigated  are  rapidly  decomposed  by  solu- 

*  With  one  exception  kindly  furnished  by  B.  I.  Du  Pont  de  Nemours  and 
Company. 

7  ''The  Determination  of  Hydrogen  Ions,"  by  W.  M.  Clark,  Williams  and  WlOdnSr 
1920. 
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tions  of  sodium  hydroxide  0.1  N  or  stronger.  In  citrate  buffer  solutions  of 
the  same  hydrogen-ion  concentration,  however,  the  substances  are  stable. 
The  use  of  buffer  solutions,  therefore,  enabled  us  to  measture  the  potentials 
of  these  compounds  in  the  range  Pa  11  to  13. 

Procedure 

The  buffer  solution  (350  cc.)  was  introduced  into  the  cell  and  the  poten- 
tial of  the  hydrogen  electrode  determined.  One  thousandth  of  a  mole  of  the 
anthraquinone  sulfonic  acid  in  the  form  of  its  sodium  or  calcium  salt  was 
then  added.  The  cell  was  swept  free  from  air,  the  stirrer  started  and  the 
reducing  agent  added  in  suitable  increments  from  a  buret.  Fresh  solutions 
of  the  hydrosulfite  (1.25  g.  in  100  cc.)  were  prepared  for  each  run;  the  ti- 
tanous  chloride  was  also  diluted  to  a  1%  solution  just  before  the  beginning 
of  the  run  in  which  it  was  to 
be  used.  The  solution  in  the 
biuet  was  protected  by  a  layer 
of  benzene. 

After  the  addition  of  each 
increment  of  reducing  agent,  the 
potentials  of  both  the  bright  and 
platinized  electrodes  were  de- 
termined. No  more  reducing 
agent  was  added  tmtil  both  elec- 
trodes came  to  the  same  value 
which  was  then  recorded.  In  a 
few  cases  (at  about  Ph  3),  the 
potential  of  the  platinized  elec- 
trode gave  consistent  and  re- 
producible values  which  were 
considered  correct,  although  the 
bright  electrode  gave.  lower  and 
variable  potentials.  The  elec- 
trodes soon  came  to  equilibrium 
when  the  solutions  were  rapidly 
stirred;  without  stirring  it  would 
be  necessary  to  wait  about  30 
min.  after  the  addition  of  each 
increment.  The  course  of  the 
reduction  was  followed  by  plotting  the  potential  against  the  increments 
of  reducing  agent.  Fig.  1  shows  some  typical  titration  curves  thus  ob- 
tained (the  variations  in  the  slope  are  discussed  below).  By  an  inspection 
of  these  curves  it  is  possible  to  determine  the  end-point  of  the  titration  with 
considerable  accuracy.  Taking  this  value  as  100%  reduction,  the  incre- 
ments of  the  reducing  agent  may  now  be  expressed  in  terms  of  percentage 
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Fig.  1. — ^Typical  titration  curves. 
Curve  1:  disodium  salt  of  antliraquiiione-2,7- 
disulfonic  acid;  Ph  3.44.    Curve  2:  sodium  salt 
of  anthraquinone-/9-sulfonic  acid  Ph  3.83. 
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reduction  as  in  Fig.  1.  The  value  for  the  potential  at  the  mid-point 
(50%  reduction)  can  now  be  determined  by  graphical  interpolation  of  the 
curve. 

Such  a  procedure  as  the  one  just  outlined  might  be  found  useful  for 
determining  the  purity  of  anthraquinone  derivatives  and  similar  com- 
potmds.  The  details  of  such  an  analytical  method  have  not  yet  been 
elaborated. 

Experimental  Results 

Table  I  summarizes  the  results  obtained  in  this  investigation.  All  the 
electromotive  force  measurements  are  given  as  single  potentials  in  volts 
referred  to  the  normal  hydrogen  electrode  as  zero.  Thus  the  values  for  the 
hydrogen  electrode  (t^)  and  the  oxidation-reduction  electrode  at  the 

Tabls  I 
Sodium  Saix  of  Anthraqxtinonb  Bsta  Sttlponic  Aero 

Hydrogen-    Hydrogen      Oxidation-reduction 

ion  cone,      electrode               electrode                                                  Calc.  Nature  of 

An          An      *"«'"*'*  *'ii~ 'A  diaaociation  buffer 

[H'*']             vf^             w^      (in -0.2)  (m-0.8)     ««>e      —  r«      oonstants  solution 

T.  ▼.  ▼.  V,  ▼.  V. 

6.03X10-*  -0.072  -f 0.117  0.022  0.024  0.189       HCl 

4.07X10-«  -0.082  -f  0.106  0.022  0.024  0.187       KO -H  HO 

1.41X10'«  -0.227-0.035  0.031  0.023  0.102       NaAc  +  HAc 

1.86X10-*  -0.270-0.096  0.024  0.027  0.183  NaAc  +  HAc 

5.79X10-«  -0.809-0.129  0.022  0.028  0.180  NaAc -f- HAc 

1.41X10-*  -0.346-0.164  0.024  0.026  0.191  NaAc  +  HAc 

6.62XlO-»  -0.366-0.176  0.020  0.022  0.189  KHtPOi  4- NaOH 

1.86X10-V  -0.397-0.214  0.022  0.020  0.183  KHtPOi  +  NaOH 

1.26X10->  -0.407-0.228  0.024  0.022  0.184  KHsPOi  +  NaOH 

8. 66X10-*  -0.417-0.232  0.021  0.023  0.186  KHsPOi  4- NaOH 

2.27X10-*  -0.461  -0.268  0.019  0.020  0.193  KHtPO«  +  NaOH 

At.  0.187       

7.31X10-*  -0.480-0.277  0.016  0.018       ...  0.016    2     XIO"*  KHtPO«  +  NaOH 

6.03X10-"  -0.486-0.278  0.014  0.017       ...  0.020    2     XIO"*  KHiPOi  +  NaOH 

2.46X10-*  -0.608-0.304  0.026  0.019       ...  0.017    0.7X10-«  Borax  +  HiBOt 

1.41X10-"  -0.622-0.319  0.022  0.017  0.016    0.4X10-*  Borax  +  H»BO> 

6.26X10-^*  -0.643-0.323  0.018  0.016       ...  0.033    O.SXIO"*  HiBOk  +  NaOH 

2.46X10-1*  -0.667-0.336  0.014  0.017       ...  0.046    O.SXIO"*  HiBOk  +  NaOH 

7. 69X10-"  -0.697-0.360  0.014  0.014       ...  0.060    0.7X'10-»  H»BOi -H  NaOH 

2. 45X10-"  -0.626-0.370  0.037  0.023       ...  0.069    0.3X10-*  Phenol  +  NaOH 

7.03X10-"  -0.658-0.383  0.034  0.022       ...  0.088    6     X 10 ->•  Phenol  +  NaOH 

1.38X10-»  -0.700-0.381  0.044  0.026       ....  0.132    6     X 10 -*•  Phenol  +  NaOH 

1. 38X10-"  -0.700-0.380  0.028  0.018       ...  0.138    6     XIO""  OlycocoU  +  NaOH 

6. 27X10-"  -0.720-0.381  0.068  0.014       ...  0.162    6     X 10""  Citrate  +  NaOH 

1. 88X10""  -0.751   -0.384  0.039  0.033       ...  0.180    4     XIO""  Citrate  +  NaOH 

1. 66X10-"  -0.756-0.379  0.034  0.032       ...  0.190    7     XlO-w  GlycocoU -|- NaOH 

8.89X10-"  -0.770  -0.893  0.027  0.084       ...  0.190    2     X10-»  KOH 

Av.  (first  eight),  JCi-lXlO"" 
Av.  (last  seven),  iCiJCs«6X10->« 

DisoDiUM  Salt  of  ANTHRAQt7iNON9-2,6>DisuLFONic  Acm 

3.6dX10->  -0.086  -f 0.143  0.023  0.033  0.228       HQ 

1.41X10-«  -0.227  -f 0.001  0.030  0.031  0.228       NaAc  +  HAc 

1.41X10-»  -0.346-0.120  0.024  0.033  0.226       NaAc  +  HAc 

1.26X10-T  -0.407-0.181  0.024  0.032  0.226       KH1PO4  +  NaOH 

2.27X10-"  -0.451-0.220  0.019  0.027  0.231       KHiPO*  +  NaOH 

Av.  0.228       

9. 62X10-"  -0.532-0.276  0.024  0.032       ...  0.039    0.8X10^  Borax  +  HiBOi 

2.36X10-"  -0.568-0.292  0.021  0.027       ...  0.048    O.OXIO"*  BiBOi -H  NaOH 
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Phenol  +  NaOH 
Phenol  +  NaOH 
Phenol  +  NaOH 
Phenol  +  NaOH 
Citrate  +  NaOH 


3. 24X10-"  -0.619  -0.311  0.040  0.036  ...  0.080  1  XIO 
7.91X10-'«  -0.666  -0.321  0.042  0.041  ...  0.106  0.6X10" 
6.37X10-»«  -0.665  -0.324  0.036  0.036  ...  0.113  2  XW 
1.32XlO-»«  -0.701  -0.326  0.038  0.040  ...  0.147  2  XlO" 
6.26X10-»»     -0.720  -0.326    0.043      0.042       ...       0.166    2     XlO" 

8. 89X10-"     -0.770  -0.826    0.037      0.046       ...       0.217     2     XIO""  KOH 

Av.  (first  fonr)  iCi-8X10-» 
Av.  (last  fonr)  iCiJCi-2X10-» 

DicAi^ciuM  Salt  of  Anthraquinon«-1,8-Disulfonic  Acid 

7.32X10-«      -0.067  +0.136    0.036      0.024    0.202       HO 

7.59X10-*      -0.184+0.012    0.046      0.026    0.196       Citrate  +  HCl 

1. 17X10-*      -0.232-0.036    0.046      0.026     0.197       NaAc  +  HAc 

1.86X10-»      -0.279-0.069    0.022      0.030    0.210       NaAc  +  HAc 

1.06X10-*      -0.363-0.144     0.047       0.027     0.209       KH1PO4  +  NaOH 

8.65X10-*      -0.417-0.206    0.044       0.027     0.211       KHtPOi  +  NaOH 

1.26X10-*      -0.466-0.262    0.046      0.030    0.214       KHtPOi  +  NaOH 

Av.    0.206       

6. 76X10-"     -0.641-0.303    0.038      0.037       ...       0.032    0.7XlO-«  Borax  +  H«BOi 

8. 89X10-"     -0.693-0.332    0.034      0.026       ...       0.066    0.7XlO-»  H»BOt  +  NaOH 

1. 17X10-"     -0.646-0.361     0.060      0.033       ...       0.088     1     XlO"*  Phenol  +  NaOH 

3.63XlO-»«     -0.676-0.371     0.040      0.030       ...       0.098    0.7XlO-»  Phenol  +  NaOH 

1. 23X10-"     -0.703-0.383    0.043      0.041       ...       0.114     0.7X10-*  Phenol  +  NaOH 

4. 68X10-"     -0.728-0.406    0.042      0.039       ...       0.117     0.4X10"*  Phenol  +  NaOH 

4. 26X10-"     -0.730-0.407    0.040      0.032       ...       0.117    0.4X10"*  Citrate  +  NaOH 

3. 22X10-"     -0.737-0.419    0.040      0.036       ...       0.112    0.2XlO-«  Citrate  +  NaOH 

1. 87X10-"     -0.761-0.413    0.046      0.036       ...       0.132    0.6XlO-»  Citrate  +  NaOH 

4. 77X10-"     -0.786  -0.413    0.049      0.036       ...       0.167    2     XIO"*  KOH 

Av.  iCi-7X10-» 

KiKs  is  negligible 

DisoDiuM  Salt  of  Anthraquinonb-2,7-Disulfonic  Acid 


3.63X10-* 
2.65X10-' 
1. 41X10-* 
1.96X10-» 
3.63X10-* 
1.86X10-» 
2.27X10-« 

1.32X10-» 
9. 62X10-" 
4. 67X10-" 
2. 36X10-" 
7. 03X10-" 
1. 68X10-" 
1. 17X10-" 
7.91  X 10-" 
1. 38X10-" 
1. 38X10-" 
4. 26X10-" 
3. 36X10-" 
1. 96X10-" 
2.02X10-" 


-0.086  +0.132 

-0.163  +0.070 

-0.227  +0.006 

-0.278  -0.049 

-0.321  -0.092 

-0.397  -0.167 

-a461  -0.206 

-0.624  -0.268 
-0.632  -0.263 
-0.661  -0.274 
-0.668  -0.278 
-0.699  -0.292 
-0.637  -0.312 
-0.646  -0.311 
-0.666  -0.319 
-0.700  -0.319 
-0.700  -0.314 
-0.730  -0.311 
-0.736  -0.316 
-0.760  -0.319 
-0.808   -0.298 


0.026 
0.024 
0.026 
0.021 
0.026 
0.023 
0.021 

0.013 
0.028 
0.021 
0.023 
0.026 
0.031 
0.034 
0.036 
0.032 
0.030 
0.028 
0.037 
0.046 
0.040 


0.026 
0.026 
0.026 
0.026 
0.026 
0.020 
0.024 
Av. 
0.016 
0.024 
0.027 
0.019 
0.028 
0.031 
0.035 
0.036 
0.031 
0.030 
0.032 
0.046 
0.043 
0.044 


0.217 
0.223 
0.232 
0.229 
0.229 
0.230 
0.246 
0.229 


HCl 
Citrate  +  HCl 
NaAc  +  HAc 
NaAc  +  HAc 
NaAc  +  HAc 
KHsP04  +  NaOH 
KH1PO4  +  NaOH 


0.027 
0.040 
0.048 
0.061 
0.078 
0.096 
0.106 
0.107 
0.162 
0.167 
0.190 
0.192 
0.202 
0.281 


1X10~«     Borax  +  HsBOs 
2X10-«     Borax  +  HsBOs 
2X10-*     H«BO»  +  NaOH 
3X10"«     HiBO»  +  NaOH 
3X10"»     GlycocoU  +  NaOH 
6X10-»»    Phenol  +  NaOH 
5X10-"    Phenol  +  NaOH 
3X10-W   Phenol  +  NaOH 
3X10-»    Phenol  +  NaOH 
4X10-"   GlycocoU  +  NaOH 
5X10-"   Citrate  +  NaOH 

Citrate  +  NaOH 

KOH 

KOH 


1.66XlO-» 
7.93X10-* 
4. 07X10-* 
7.08X10-» 
6. 36X10-* 
2.19X10-* 
1. 95X10-' 
2.65X10-* 


4X10-W 

3X10-" 

IX 10-" 

Av.  (first  five),  iCi-2X10-» 

Av.  Oast  nine),  iriJC«-5X10-» 

Potassium  Salt  of  Anthraquinonb  Alpha  Sulfonic  Acm 


-0.046  +0.160 
-0.066  +0.134 
-0.200  -0.007 
-0.246  -0.066 
-0.311  -O.lll 
-0.334  -0.136 
-0.396  -0.210 
-0.448  -0.247 


0.020 
0.020 
0.022 
0.023 
0.026 
0.027 
0.020 
0.018 


0.020 
0.019 
0.021 
0.018 
0.019 
0.022 
0.018 
0.016 


0.196 
0.199 
0.193 
0.189 
0.200 
0.198 
0.186 
0.201 


Av.    0.196 


HCl 
HCl 

NaAc  +  HAc 
atrate  +  HCl 
NaAc  +  HAc 
Citrate  +  NaOH 
KH1PO4  +  NaOH 
Borax  +  HiBOi 
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TABI.B  I  (continued) 

HydroKen-    Hydrogen       Orldation-reduction 

ion  cone,     electrode  electrode  q^^  Nature  of 

An  Airs      *"»!"*■* 'fi"" 'A  dissociation  buflfer 

(H*|  wf^  r„      (tfi-0.2)  (iPi-0.8)     -r,       — »o      constanU  solution 

T.  ▼.  ▼.  V.  V.  V. 

1.36X10-»       -0.623-0.811     0.019      0.017       ...       0.017  SXIO"*  Borax  +  H«BOi 

9.26X10-»»     -0.692-0.856    0.018      0.018       ...       0.042  2X10-»  Phenol  +  NaOH 

4. 76X10-"     -0.609-0.364     0.018      0.014       ...       0.060  2X10"»  Phenol  +  NaOH 

4. 41X10-"     -0.670-0.387    0.016       0.013       ...       0.088  3X10-»  Phenol  +  NaOH 

2. 46X10-"     -0.686-0.396    0.013       0.014       ...       0.095  4X10-»  Phenol  +  NaOH 

4.99X10-"     -0.726-0.414     0.020       0.019       ...       0.117  5X10-*  Citrate  +  NaOH 

3. 89X10-"     -0.732-0.420    0.016      0.015       ...       0.117  4X10"*  Phenol  +  NaOH 

2. 63X10-"     -0.742-0.423    0.019      0.020       ...       0.124  4X10-*  Citrate  +  NaOH 

8. 69X10'"     -0.771-0.436    0.021       0.019       ...       0.180  5X10-»  Citrate  +  NaOH 

5. 67X10-"     -0.782-0.444     0.022      0.020       ...       0.143  4X10-*  Citrate  +  NaOH 

Av.  ^i-4X10-» 

KiKi  is  negligible 

DisoDiUM  Saw  of  Anthraquinonb-I.S-Disulfonic  Acid 

2.36X10-»  -0.037  +0.199  0.017  0.019  0.236  HCl 

9.61X10-"  -0.060  +0.176  0.018  0.019  0.236       HCI 

3.77X10-«  -0.084  +0.154  0.017  0.018  0.238  Ha 

1.37X10-*  -6.228+0.011  0.022  0.023  0.239  NaAc  +  HAc 

3.63X10-«  -0.321-0.081  0.024  0.025  0.240  NaAc  +  HAc 

5.67X10-*  -0.428-0.191  0.036  0.028  0.237  NaAc  +  HAc 

9.62X10""  -0.632-0.290  0.018  0.019  0.242  KHiPOi  +  NaOH 

4.57X10""  -0.551   -0.307       ...  0.019  0.243       H»BOi  +  NaOH 

4.24X10-»»  -0.612-0.372  0.017  0.016  0.240  Phenol  +  NaOH 

3.35X10""  -0.618-0.379  0.015  0.016  0.239       Phenol  +  NaOH 

Av.  0.239       ...            

3.92X10""  -0.673-0.422  0.015  0.016  ...  0.012     4     XIO""    Phenol  +  NaOH 

9.60X10""  -0.709-0.464  0.013  0.014  ...  0.016     2     XlO*"    Phenol  +  NaOH 

4. 58X10-"  -0.728-0.468  0.019  0.018  ...  0.021     2     XIO*"   GlycocoU  +  NaOH 

1. 87X10-"  -0.751-0.486  0.022  0.021  ...  0.027    2     XIO""   GlycocoU  +  NaOH 

1. 73X10-"  -0.758  -0.494  0.029  0.020  ...  0.020    0.6X10""   NaOH 

1. 26X10-"  -0.761   -0.489  0.025  0.022  ...  0.088    2     XIO""*    Citrate  +  NaOH 

8. 89X10-"  -0.770  -0.499  0.025  0.022  ...  0.032     1     XIO""   KOH 

3. 77X10-"  -0.792  -0.498  0.033  0.031  ...  0.066    4     XIO""   NaOH 

8. 86X10-"  -0.796  -0.602  0.035  0.028  ...  0.064     2     XlO*"   NaOH 

2. 75X10-"  -0.800  -0.500  0.040  0.031  ...  0.061     3     XIO""  NaOH 

Av.  ^1-3X10-" 

KiKi  b  negligible 

DicALCiUM  Sai,t  of  Anthraquinon^1,5-Disulfonic  Acid 

2.36X10->  -0.087  +0.199  0.020  0.018  0.236       HO 

9.61X10-*  -0.060  +0.178  0.020  0.022  0.288       HO 

1.12X10-«  -0.288+0.002  0.029  0.024  0.286       NaAi:  +  HAc 

4.96X10-«  -0.818-0.080  0.020  0.022  0.283       NaAc  +  HAc 

1.05X10-»  -0.412-0.176  0.020  0.024  0.287       KHtPOi  +  NaOH 

8. 48X10-"  -0.668-0.818  0.020  0.019  0.246       ...           Phenol  +  NaOH 

3. 35X10-"  -0.618-0.874  0.027  0.020  0.244       Phenol  +  NaOH 

Av.  0.238 

4.58X10'"  -0.669-0.407  0.028  0.026  ...  0.024      -  3X10'"  Phenol  +  NaOH 

1. 41X10""  -0.699-0.438  0.034  0.019  ...  0.028         1X10""  Phenol  +  NaOH 

2.09X10""  -0.748-0.476  0.043  0.024  ...  0.086        8X10""  atrate  +  NaOH 

1.12X10""  -0.764-0.488  0.048  0.081  ...  0.043        8X10""  Citrate  +  NaOH 

mid-point  of  reduction  (t„)  are  the  observed  electromotive  forces  of  Cells  b 
and  a  referred  to  above,  subtracted  from  +0.337,  the  value  assigned  to  the 
0.1  N  calomel  electrode. 

Under  the  heading  "oxidation-reduction  electrode"  axe  given,  first, »,  the 
the  potential   at  the   mid-point  where  IAJ/[AHf]r«l,  determined  for 
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the  titration  curves  as  described  above;  second,  Ati  the  difference  between 
the  potential  at  the  mid-point  and  at  20%  reduction;  and  third,  Ats  the 
corresponding  difference  to  80%  reduction.  These  two  values  thus  give 
the  approximate  slopes  of  the  titration  curves.  It  will  be  noted  that  the 
slopes  vary  greatly.  This  is  probably  due  to  combination  between  the 
reduced  and  oxidized  material  with  the  formation  of  a  substance  similar  to 
quinhydrone.  Similar  diflficulties  were  encountered  and  corrected  for  by 
Granger  and  Nelson  in  their  work  on  quinone.  If  we  let  m  equal  the  frac- 
tional moles  of  reducing  agent  added  and  x  the  degree  of  association  of  the 
supposed  complex  then  the  value  for  At  is 

1— m— mx 

At  =  =*=  0.0295  log 

m—mx 

The  following  table  gives  values  for  At  for  varying  values  of  x  when 
m  =  0.2  (ATiinTablel). 

X.... 0.0  0.2  0.4  0.6  0.8  0.9 

Axi.. 0.018        0.020        0.023        0.027        0.036        0.044 

A  comparison  of  these  numbers  with  the  values  for  At,  given  in  Table  I, 
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Fig.  2. 
Curve   1:  sodium  salt  of  anthraquinone-/3-sulfomc 
acid.     Curve  2:  disodium  salt  of  anthraquinone-2,6- 
disulfonic  acid. 
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shows  that  with  certain  compounds,  particularly  in  alkaline  solution,  the 
complex  must  be  highly  associated.  The  errors  of  the  present  method, 
which  seem  to  be  about  5  millivolts,  make  the  values  for  Ax  much  less 
reliable  than  those  for  Tn.  Moreover,  the  potential  at  the  mid-point  would 
not  be  affected  by  complex  formation  so  that  ir«  is  the  most  significant 
potential  for  theoretical  discussion. 

The  Potential  in  Acid  and  Alkaline  Solutions 

The  curves  shown  in  Figs.  2,  3,  and  4  are  graphical  representations 
of  the  results  given  in  Table  I.  The  points  show  typical  experimentally 
determined  values  of  t^  plotted  against  the  hydrogen-ion  concentration. 
The  smooth  curve  was  drawn  through  points  calculated  from  Equation  3. 
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Fig.  3. 
Curve  1:  dicalcium  salt  of  anthraquinone-l.S-disul- 
fonic  acid.     Curve  2:  disodium  salt  of  anthraquinone- 
2,7-disulfonic  acid. 

In  acid  solution,  t^— t^  is  obviously  equal  to  to  since,  from  Equations 
3  and  4,  t„  =  to  +  0.059  log  [H+]  and  ir;k  =  0.059  log  [H+].  The  values 
thus  obtained  for  to  are  essentially  constant  (Col.  6,  Table  I).  The  last 
term  of  Equation  3  is  equal  to  t„  — t^— tq  from  similar  considerations; 
it  is  negligible  in  acid  solutions. 
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In  alkaline  solution  this  last  term  of  Equation  3  (Col.  7,  Table  I)  becomes 
appreciable  and  the  curve  bends.  In  some  cases  the  curve  becomes 
flat  showing  that  the  term  has  now  reduced  to  +0.0296  log  KiKi/lH-^Y 
since  Kt>[li'^]  and  Equation  3  is  therefore  now:  ir„  =  T'o,  the  reduced 
form  being  present  entirely  as  the  divalent  ion.  In  such  cases  the  value 
for  KJCf  can  be  directly  calculated 
from  Equation  4.  Values  for  Ki 
may  now  be  obtained  by  solving 
Eqtiation  3  for  each  point  on  the 
bend  of  the  graph.  The  values  for 
KiKt  and  Ki  calculated  in  this  man- 
ner are  given  in  Col.  8  of  Table  I. 
In  those  instances  in  which  the  nor- 
mal potential  did  not  reach  a  limit- 
ing value  in  strongly  alkaline  solu- 
tions, Kt  was  apparently  too  small 
to  be  meastu^d  by  this  method.  Its 
effect  on  the  oxidation-reduction 
potential  is  obviously  negligible  and 
Ki  can  be  directly  calculated.  The 
values  of  Ki  and  K2  thus  calculated 
were  used  in  drawing  the  ciurves 
shown  in  Pigs.  2,  3  and  4. 

The  correspondence  between  the 
experimentally  determined  points 
and  the  curves  thus  drawn  shows 
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Pig.  4. 
Curve  1:  the  1,5-anthraquinone  disul- 
fonic  add,  O  »  sodium  salt;  A  «  calcium 
salt.    Curve  i:  potassium  salt  of  anthra- 
quinone  o-sulfonic  add. 


that  all  the  results  of  this  investigation  can  be  expressed  by  Equation  3. 

The  reproducibility  of  the  results  and  the  accuracy  of  the  method  can 
be  seen  either  from  the  points  shown  in  the  figures  or  by  examining  Table 
I.  It  is  obvious  that  xo  for  each  substance  should  be  constant;  with  a  few 
exceptions  the  values  agree  within  10  millivolts.  The  values  for  Ki 
calculated  from  the  results  obtained  in  alkaline  solutions  should  agree; 
they  are  given  in  the  next  to  the  last  column ;  some  divergence  will  be  noted. 
Finally,  with  those  compounds  in  which  the  curves  become  flat,  the  last  few 
values  of  ir„  (t'o)  should  be  constant;  they  agree  within  the  experimental 
error  of  the  present  method. 

VaUdity  of  the  Method 
It  was  important  to  show  that  the  reactions  imder  investigation  were 
strictly  reversible  and  that  the  potential  measured  by  the  reduction  method 
was  the  same  as  would  be  obtained  from  a  mixture  of  the  pure  components. 
That  the  reaction  is  reversible  is  shown  by  the  fact  that  the  reduced  vat 
may  be  oxidized  by  air  or  by  ferric  chloride  and  then  reduced  again  to  give 
the  same  potentials. 
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That  the  potential  of  the  system  is  not  aflFected  by  the  presence  of  the 
reducing  agent  and  its  oxidation  product  was  shown  by  the  results  of  an- 
other method..  This  consisted  in  preparing  a  diacetyl-anthrahydroquin- 
one-sulf onic  add  which  was  stable  in  the  air,  hydrolyzing  it  to  the  anthra> 
hydroquinone  derivative,  and  measuring  the  potential  of  mixtures  of  this 
with  the  anthraquinone  compound. 

Preparation  of  the   Sodium   Salt  of  Diacetyl-anthiahydroquiaone-^- 

sulfonic  Acid 

The  method  of  preparation  was  similar  to  that  used  byLiebermannin 
preparing  diacetyl-anthrahydroquinone'  in  which  the  compound  was  re- 
duced and  acetylated  at  the  same  time. 

A  mixture  of  15  g.  of  sodium  anthraquinone-jS-sulfonate,  30  g.  of  sodium  acetate, 
45  g.  of  zinc  dust  and  180  g.  of  acetic  anhydride  was  heated  under  a  reflux  *v>ni1yn{W*r 
for  a  few  minutes,  poured  into  500  cc.  of  water  and  allowed  to  stand  for  4  lyNirs.  The 
solution  was  filtered  and  evaporated  until  crystals  separated  out  of  the  sirup.  These 
crystals  were  filtered,  wa.shed  and  recrystalUzed  from  glacial  acetic  acid. 

Analyses.  Calc.  for  CigHitOrSNa:'  Na,  5.8.  Found:  5.7,  5.6.  Equivalents  of 
NaOH  required  for  hydrolysis:  2.0.    Found:  2.1,2.1. 

The  potential  measurement  was  carried  out  as  follows.  The  hydrogen- 
ion  concentration  of  a  mixture  of  250  cc.  of  a  phosphate  buffer  and  100  cc. 
of  0.1  iV  potassium  hydroxide  solution  was  determined.  Two  hundred  and 
fifty  cc.  of  the  same  buffer  solution  was  placed  in  the  cell  and  0.2  g.  of  the  di- 
acetyl  compound  was  weighed  into  a  flask  so  arranged  that  it  could  be  swept 
free  from  oxygen  and  its  contents  later  blown  over  into  the  cell  with  the 
stream  of  nitrogen.  One  hundred  cc.  of  oxygen-free  0.1  AT  potassium  hydrox- 
ide solution  was  run  into  the  flask  through  a  dropping  funnel  and  the  solution 
heated  to  boiling  to  effect  complete  hydrolysis.  The  solution  was  coded 
and  blown  over  into  the  ceU.  Successive  portions  of  a  solution  containing 
0.004  g.  of  the  sodium  salt  of  /3-anthraquinone-sulfonic  add  per  cc.  were 
run  into  the  cell  and  the  potential  measured  after  each  addition. 

The  potentials  read  were  plotted  against  log  [A]/[AHs]randthe  value 
of  Tm  found  by  interpolation.  The  results  obtained  in  this  and  a  second 
similar  determination  are 

Phosphate  buffer:  ten  «  -0.231,  -ru »  -0.433,  xo  «  +0.202 
Citrate  buffer:  m  =  -0.051,  tu  =  -0.249,  xo  =»  +0.198 
Determined  by  the  titration  method  (Table  I)  xo  =  +0.187 

The  constant  errors,  namely,  impurity  of  the  sample,  incomplete  hy- 
drolysis, and  oxidation,  would  all  tend  to  increase  to,  and  a  correction  for 
them  would  bring  the  determination  into  closer  agreement  with  the  average 
value  of  the  other  method.  This  clearly  indicates  that  the  method  of 
measiuing  oxidation-reduction  potentials  chosen  in  this  investigation  gives 
•  Liebermann,  Bet,,  21,  1172  (1888). 
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results  comparable  to  those  obtainatde  by  more  direct  methods  and  that 
the  presence  of  the  reducing  agent  in  no  way  affects  the  results. 

Discussion 

There  is  nothing  to  indicate  that  the  two  constants  used  in  Equation  3 
are  the  real  dissociation  constants  of  the  reduced  form  except  that  Equation 
3  can  be  developed  on  this  basis.  It  would  be  very  desirable  to  obtain 
independent  evidence  of  the  value  of  KiKf,  but  this  cannot  be  easily  done.* 
Unquestionably  anthrahydroquinone  and  its  derivatives  are  very  weak 
acids  but  anthrahydroquinone  itsdf  is  strong  enough  to  form  a  disodium 
salt.**  The  only  related  substance  whose  dissociation  constants  have  been 
measured  is  hydroquinone ;  for  this  compound  Ki  =  10"**,  K^  is  probably  less 
and,  therefore,  KiKf  is  somewhat  less"  than  10""^*.  These  values  are  of  the 
same  order  of  magnitude  as  those  found  for  the  anthrahydroquinone  deriva- 
tives here  investigated. 

Table  II  stunmarizes  the  average  values  of  the  normal  potentials  and 
dissociation  constants  as  determined  by  the  results  given  in  Table  I.  An 
examination  of  the  values  for  Ki  and  Kf  will  show  that  they  are  entirely 
consistent  with  the  structiu-es  of  the  compotmds  in  question,  and  several 
regularities  can  be  pointed  out.  Substitution  of  sulfonic  acid  groups  in  the 
/S  position  does  not  markedly  affect  the  degree  of  dissociation  of  either  of  the 
phenolic  groups  in  the  anthrahydroquinones.  The  values  of  Ki  and  Kt 
are  approximately  constant  for  the  three  fi  compounds;  Kt  is  somewhat  less 
than  Ki,  as  would  be  expected.  Substitution  in  the  a  position,  however, 
has  a  marked  effect  on  the  adjacent  phenolic  group,  lowering  its  dissociation 
constant  by  about  10""*.  Thus,  in  the  1,5  compound  (A)  which  has  a 
sulfonic  acid  group  a  to  both  phenolic  groups,  Ki  =  10  ~"  and  Kt  is  probably 
less  than  10~**  in  contrast  to  the  2,6  compound  (B)  where  iCi  =  10~*  and 
2^2  =  10-". 
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On  the  other  hand,  in  the  a  monosulfonic  add  and  the  1,8-cUsulfonic  acid 
(C)  the  dissociation  of  the  phenolic  grovp  farthest  away  from  the  substitu- 
ent  is  not  affected  (/Ci  =  10""*)  but  the  dissociation  of  the  hydroxyl  group 

*  We  are,  of  course,  dealing  throus^out  this  article  with  the  dissociation  of  the 
weak  phenolic  groups  of  the  reduced  compound.  The  sutfonlc  acid  grottps  in  the 
molecule  are  so  strongly  acidic  that  they  can  be  neglected  in  this  discussion. 

"i4»».,  379,37(1911). 

w  2.  phyHk.  Chem.,  66, 71  (1909). 
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which  has  the  adjacent  substituents  is  lowered  so  that  it  is  negligible  in  this 
work  (less  than  10"""). 

The  oxidation-reduction  potential(iro)  is  made  more  positive  by  about  40 
millivolts  by  the  introduction  of 'a  second  sulfonic  add  group  in  either  the 
a  or  j9  position.  The  1,8  compotmd  is»  however,  an  exception  to  this  rule, 
as  here  the  increase  is  only  about  10  millivolts.  As  would  be  expected  from 
the  properties  of  anthraquinone  all  these  potentials  are  much  lower  than 
that  recorded  by  Granger  and  Nelson  for  quinone,  +0.695.  A  further 
discussion  of  the  relationship  between  the  structure  of  related  compounds 
and  their  oxidation-reduction  potentials  will  be  deferred  until  the  next 
paper,  which  will  deal  with  the  free  and  total  energy  changes  in  the  reduc- 
tion of  anthraquinone,  naphthoquinone  and  benzoquinone  derivatives. 
The  measurement  of  the  temperatiwe  coefficients  of  the  oxidation-reduction 
potentials  of  a  series  of  such  compounds  is  now  in  progress. 

OxroATlON  POTSNTIALS  OF  ANTHRAQUINONB  SuI.FONIC  AcmS  AND   TUB   DISSOCIATION 
CONSTANTS  OF  THB  Ph«NOUC  GrOUP  OF  ANTHRAHYDROQUINONB  SuI«FONIC  AcTO 

Position  of  Normal  potential    Normal  potential 

substituent  of  AHt(T»)  of  A — (x'g)  Dissociation  constants 

Volts  Volts  JCi                             iCt 

fi  0.187  -0.383  lX10-»  6X10"" 

2.6  0.228  -0.325  0.8X10-"  3X10"" 

2.7  0.229  -0.313  2X10-"  3X10-" 
a  0.105  0.4X10-»  Too 

1.6  0.230  3X10-"  smaUto 

1.8  0.206  0.7XlO-«  measure 
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Summary 

1.  A  general  equation  has  been  developed  which  expresses  the  oxidation- 
reduction  potentials  of  compoimds  of  the  type  of  quinone  in  both  add  and 
alkaline  solutions. 

2.  The  potentials  of  6  anthraquinone  sulfonic  acids  have  been  meastu-ed 
by  a  titration  method  using  titanous  chloride  and  soditmi  hydrosulfite. 
The  results  obtained  over  a  wide  range  of  hydrogen-ion  concentration 
have  been  found  to  be  in  accord  with  the  general  equation  as  developed. 

3.  The  validity  of  the  experimental  method  has  been  shown  by  deter- 
mining the  potentials  of  mixtures  of  the  reduced  and  oxidized  compounds. 

Cambiudgk  38,  Massachusktts 
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The  use  of  coUoidal  platinum  and  palladium  and  of  platinum  and  pal^ 
ladium  black  as  catal3rsts,  especially  for  the  reduction  of  organic  compounds, 
has  become  very  general  during  the  past  25  years.  This  interest  has  been 
due  chiefly  to  the  fact  that  many  organic  substances  can  conveniently 
be  prepared  only  by  such  methods.  The  colloidal  catal3rsts  are  in  general 
somewhat  more  active  and  are  more  readily  prepared,  but  are  limited  in 
their  use  due  to  the  fact  that  only  aqueous,  dil.  alcoholic  or  dil.  acetic 
acid  solutions  may  be  employed  and  that  diflSculty  may  often  arise  in  iso- 
lating the  products.  On  the  other  hand,  the  use  of  platinum  or  palladium 
black  is  very  convenient,  since  almost  any  solvent  may  be  employed  and 
the  product  isolated  merely  by  filtering  the  platinum  from  the  reaction 
solution  and  evaporation  of  the  solvent.  Of  platinum  and  palladium, 
the  former  has  been  much  more  commonly  used  and  is  the  one  which  will 
be  discussed  in  this  communication. 

The  method  of  preparation  of  platinum  and  palladium  black,  however, 
has  not  been  given  the  study  which  it  deserves.  The  earlier  methods  for 
making  platinum  black  are  very  numerous  and  do  not  yield  a  product 
which  is  very  active  as  a  catal3rst  in  the  reduction  of  organic  compounds. 

O.  Loew*  first  described  the  i>reparat]on  of  a  satisfactory  catalsrst  for  organic  re- 
ductions and  his  method,  except  for  slight  changes  by  other  investigators,  is  the  one 
which  is  used  almost  exclusively  at  the  present  time,  hocw's  method  consists  in  the 
treatment  of  an  aqueous  chloroplatinic  add  solution  with  formaldefayde  and  then  pre- 
cipitation of  platinum  black  by  the  addition  of  alkali.  The  product  is  filtered,  dried 
in  vacuo  and  exposed  to  air  or  oxygen  before  being  used.  His  directions  have  been 
changed,  chiefly  in  regard  to  the  temperature  of  precipitation  and  the  nature  of  the 
alkali,  first  by  Willstaetter  and  Hart;<  again,  by  ^^llstaetter  and  Waldschmidt-Lettz;* 
and  still  again  by  Pculgen.*  These  changes  from  the  original  directions  of  Loew  result 
in  the  production  of  a  more  effective  catalyst  and  eliminate  a  few  of  the  experimental 
difficulties  involved,  such  as  that  of  filtration  of  the  platinum  black.  Moreover,  it 
is  reported  that  the  platinum  produced  by  the  modified  directions  is  more  uniform  in 
its  activity  as  a  cataljrst.  Even  with  these  improvements,  the  production  of  a  very 
active  catalyst  cannot  be  relied  upon  unless  the  directions  are  followed  with  exactness. 
Drying  in  a  good  vacuum  for  24  to  48  hours  is  very  necessary  if  a  high  activity  b  to  be 
obtained. 


>  This  paper  is  an  abstract  of  a  thesis  by  V.  Voorhees  presented  in  partial  fulfil- 
ment of  the  requirements  for  the  degree  of  Master  of  Science  in  chemistry  at  the  Uni- 
versity of  Illinois. 

s  hoew,  Ber„  23,  289  (1900). 

<  Willstaetter  and  Hart,  ibid.,  45,  1472  (1912). 

« Willstaetter  and  Waldschmidt-Leitz,  ihid.,  54.  113  (1921). 

*  Feulgen,  ibid.,  54,  360  (1921). 
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In  this  laboratoty  where  cataljrtic  reductions  have  been  studied  for  the 
past  few  years,  it  has  often  been  found  that  various  students,  using  the 
same  directions  for  making  the  catalyst,  do  not  obtain  a  platinum  of  like 
activity.  The  investigation  which  is  described  here  was  carried  out  in 
order  to  determine  whether  a  simpler  and  more  reliable  method  could  be 
found  for  the  preparation  of  a  highly  active  platinum  catalyst. 

A  brief  description  of  the  characteristics  of  a  catalytically  active  platinum 
black  is  given  below,  since  these  observations  led  to  the  experiments 
and  results  which  are  now  being  reported.  The  presence  of  oxygen  in 
platintun  black  is  necessary  for  its  activity  as  a  catalyst  in  the  hydrogena- 
tion  of  organic  compotmds.  This  has  been  noted  by  ntunerous  investi- 
gators* and  tested  quantitatively  by  Willstaetter  and  Waldschmidt- 
Leitz.^  In  fact,  the  activity  of  platinum  black  seems  to  depend  almost 
entirely  upon  the  amotmt  of  oxygen  absorbed.  Willstaetter  believes 
that  the  presence  of  oxygen  is  also  necessary  for  catalysis  with  colloidal 
platinum,  but  recent  work  by  Skita^  has  shown  quite  conclusively  that  this 
is  not  the  case. 

The  form  in  which  absorbed  oxygen  is  present  in  the  platinum  black 
has  been  a  question  of  great  interest  to  chemists.  Wohler*  has  shown  con- 
vincingly that  when  platinum  black  absorbs  oxygen  there  are  formed 
true  oxides  or  hydroxides  of  platiniun.  These  consist  for  the  most  part 
of  platinous  oxide  or,  in  the  presence  of  water,  platinous  hydroxide,  and 
a  certain  amount  of  platinic  dioxide  and  its  hydrate.  From  his  experi- 
ments it  is  indicated  that  the  platinous  oxide  or  hydroxide  is  the  active 
catalyst,  or  at  least  is  an  intermediate  product  in  the  formation  of  the  ac- 
tive catalyst.  ITiis  conclusion  was  drawn  after  a  very  careful  study  of 
platinum  black  which  had  absorbed  oxygen  and  a  comparison  of  its  proper- 
ties with  those  of  the  various  oxides  of  platinum.  Platiniun  black  prepared 
by  the  usual  method  shows  by  its  activity  that  it  contains  about  10  to 
18%  of  platinous  oxide  and  a  few  per  cent,  more  of  the  higher  oxides  of 
platintmi.  The  reactivity  of  the  platinum  ceases  immediately  as  soon 
as  the  oxygen  present  has  disappeared.  It  is  well  known  that  in  catalytic 
reductions  the  oxygen  in  the  platinum  is  not  immediately  removed  by  the 
hydrogen  but  reacts  only  gradually  during  a  considerable  period  of  time. 
When  the  oxygen  in  the  platinum  does  become  very  small  in  amount  the 

•Ofoersikt  Finska  Vetenskaps-Soc,  Fdrh.,  57,  267  (1900);  Z.  angew.  Chem.,  19, 
24  (1904);  Cazz.  chim.  ital,,  34,  57  (1904);  Ber„  51,  767  (1918);  Campt.  rend.,  158, 
409  (1914);  Ber.,  51,  768  (1918);  Akad,  WeUnschappm  Amsterdam  Proc.,  29,'  424 
(1917). 

7  Ref.  4.  In  this  paper  an  excellent  review  is  given  of  the  varicnis  papers  on  the 
mechanism  by  which  the  oxygen  activates  the  platinum  as  a  catalyst.  See  also  Ber. 
55,  673  (1922). 

•  Skita.  ibid.,  55,  139  (1922). 

•  W6hler.  ibid.,  36,  3475  (1906). 
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reduction  slows  down  or  stops  altogether.  It  is  merely  necessary,  however, 
to  agitate  the  platinum  with  oxygen  or  air  in  order  to  revivify  it. 

The  state  of  division  of  a  platinum  catalyst  is  also  important  and  re- 
cent modifications  in  the  preparation  of  platinum  black  have  had  as  one 
of  their  objects  the  formation  of  a  more  finely  divided  product.  It  is 
most  probable  that  the  state  of  division  and  the  absorption  of  oxygen 
go  hand  in  hand. 

From  these  properties  of  platinum  black  it  was  concluded  that  the  oxides 
of  platinum,  tf  prepared  in  a  finely  divided  state,  would  be  as  effective 
catalysts  in  hydrogenation  as  any  which  could  possibly  be  produced. 
They  would  be  distinctly  more  active  than  the  best  platinum  black  since 
the  maximum  amotmt  of  oxygen  in  the  latter  as  platiniun  oxides,  is  at  the 
most  only  about  20%.  Provided  the  oxide  is  finely  divided,  it  would 
probaUy  make  little  difference  what  particular  oxide  of  platinum  is  used, 
since  the  hydrogen  would  reduce  the  higher  oxides  to  the  lower  oxide, 
presumably  the  active  catalyst.  If  these  oxides  .are  usable,  even  though 
they  may  be  merely  as  active  as  ordinary  platinum  black,  they  would 
have  a  distinct  advantage  over  it  because  of  the  ease  with  which  many  of 
them  may  be  prepared.  For  example,  certain  tedious  details  sudi  as  the 
careful  drying  of  platintun  black  could  be  eliminated.  Also  the  oxides 
of  platinum,  since  the  oxygen  is  present,  could  be  used  when  wet,  while 
platinum  black  precipitated  from  solution  must  be  thoroughly  dried  and 
exposed  to  the  air  for  the  absorption  of  oxygen  before  it  becomes  most 
active  as  a  catalyst.  Experiments  fully  substantiate  the  predictions; 
many  of  the  oxides  of  platinum  are  more  effective  as  catalysts  than  plati- 
num black  made  by  the  usual  method. 

All  of  the  various  oxides  of  platinum  described  in  the  literatiu-e  are  now 
being  studied  as  catalysts.  Of  these,  platinous  hydroxide  formed  as  de- 
scribed by  the  method  of  Thompsen^®  has  been  made  already.  This 
compound  is  a  catalyst  and  about  as  active  as  ordinary  platinum  black. 
The  necessary  conditions  of  precipitation  and  the  physical  characteristics 
of  the  product,  however,  are  not  ideal  and  this  probably  accounts  for  its 
lack  of  great  activity.  It  seemed  likely  that  a  proper  fusion  method  might 
be  more  suitable  for  the  formation  of  a  finely  divided  oxide  which  might 
be  easily  handled.  Yorgensen"  has  already  described  a  poorly  defined 
oxide  of  platinum  produced  by  the  fusion  of  sodium  chloroplatinate 
with  sodium  carbonate.  Sudi  a  method  would  hardly  be  expected  tc 
produce  an  active  catalyst  since  the  temperature  of  sudi  a  fusion  mixtiu-e 
must  reach  850**  or  over.  Such  high  temperatures  are  known  to  inter- 
fere often  with  the  activity  of  a  catalyst.  Moreover,  it  has  been  shown  by 
Wohler*  that  both  platinous  oxide  and  platinic  dioxide  decompose  fairly 

'•Thompsen,  /.  ^akL  Chem.,  [2]  15,  294  (1876). 
"  Yorgensen,  ibid.,  [2]  16,  344  (1877). 
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rapidly  when  held  for  any  length  of  time  at  a  temperature  of  450^.  The 
most  appropriate  method  conceivable  for  the  formation  of  an  oxide  of 
platinum  is  the  one  used  so  often  for  the  oxides  of  other  metals,  namely, 
the  fusion  of  the  nitrate.^*  In  the  case  of  platinum,  this  may  be  carried 
out  by  fusing  chloroplatinic  add  and  sodium  nitrate.  Since  sodium 
nitrate  fuses  at  312°,  ideal  conditions  are  obtainable.  It  is  actually  found 
that  an  extremely  active  oxide  of  platinum  is  thus  produced  and  this  is 
now  being  compared  with  platinum  black  and  with  oxides  made  in  various 
ways.  Preliminary  results  indicate  that  this  is  a  higher  oxide  of  platinum, 
possibly  platinum  trioxide.  A  more  detailed  description  of  this  substance 
and  its  chemical  properties  will  be  given  in  a  communication  that  will 
appear  soon. 

When  the  ordinary  commercial  chloroplatinic  add  oystals  are  treated 
with  an  excess  of  sodium  nitrate  and  fused,  an  evolution  of  nitrogen 
dioxide  takes  place  and  a  predpitate  forms  in  the  mdt.  Upon  cooling 
and  washing  with  water,  the  new  oxide  of  platinum  is  obtained.  It  is 
brown  in  color  but  the  shade  varies  with  the  change  in  conditions  during 
fusion.  The  whole  procedinre  is  extremely  simple  and  within  half  an  hour 
a  large  amount  of  catalyst  can  be  prepared  for  use. 

The  formation  of  this  oxide  of  platinum  is  not  limited  to  a  fusion  of 
chloroplatinic  add  with  soditun  nitrate,  but  may  be  produced  by  the  fusion 
with  nitrates  of  other  metals.  Moreover,  low-mdting  salts  of  certain 
other  adds  may  be  used  with  success.  The  amount  of  the  salt  used  for 
the  fusion  and  the  temperature  employed  have  a  dedded  effect  upon  the 
nature  of  the  catalyst.  All  of  these  conditions  are  now  being  studied 
quantitatively  and  will  be  reported  later. 

The  new  catalyst  seems  to  be  less  sensitive  toward  poisons  than  ordinary 
platinum  black.  It  has,  however,  the  same  disadvantage  as  platinum 
black  when  used  for  the  reduction  of  readily  oxidizable  compotmds.  Much 
of  the  oxygen  in  the  catalyst  is  probably  removed,  due  to  the  oxidation 
of  the  substance  to  be  reduced.  Platintmi  is  formed  which  is  only  sUghUy 
reactive  until  shaken  again  with  air  or  oxygen.  The  solvent  used  for  the 
substance  to  be  reduced  affects  the  speed  of  reduction. 

The  catalyst  has  already  been  used  for  the  reduction  of  phenol  and  cer- 
tain substituted  phenols  to  hexahydrophenols,  for  certain  pyridine  de- 
rivatives to  piperidine  derivatives,  of  vanillin  and  saUcyl  aldehyde  to  the 
corresponding  alcohols,  of  aromatic  nitro  compounds  to  amines,  of  methyl- 

^'  No  one  has  attempted  to  prepare  an  oxide  of  platinum  by  sudi  a  method.  The 
nearest  approadi  Hes  in  the  work  of  Davy,  who  found  that  platinum  sulfide  dissolves 
in  fuming  nitric  add  and  that  when  this  solution  is  evaporated  to  dryness  and  the  residue 
treated  with  alcohol,  platinum  black  is  produced  (Phil.  Mag.,  1820,  330).  Hittorf 
also  found  that  a  brown  oxide  of  platinum  is  formed  by  electrolytic  oxidation  of  pkti- 
num  when  platinum  strips  are  used  as  electrodes  in  a  bath  of  fused  potassium  or  sodium 
nitrate  (Pkarm.  ZerUr.,  1848,  23). 
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ethyl  ketone  to  sec,  butyl  alcohol,  and  of  certam  heterocyclic  compounds 
to  the  corresponding  saturated  derivatives.  From  these  results,  it  may 
be  concluded  that  this  catalyst  will  probably  work  for  all  cases  where 
platinum  black  can  be  used.  All  of  these  reductions  mentioned  were 
carried  out  with  hydrogen  under  a  pressure  of  1.5  to  3  atm.,  but  it  is  in- 
conceivable that  this  has  any  more  effect  with  this  catalyst  than  with  ordi- 
nary platintun  black. 

The  method  of  procedure  for  the  reduction  of  compounds  consists, 
in  general,  of  dissolving  in  a  suitable  solvent  the  compound  to  be  reduced, 
adding  the  catalyst,  removing  the  air,  and  then  treating  with  hydrogen. 
As  soon  as  the  hydrogen  is  introduced  and  the  reaction  mixture  is  shaken, 
the  brown  catalyst  becomes  black,  due,  presumably,  to  the  reduction  of 
the  higher  oxide  to  a  lower  one.  The  time  necessary  for  this  change  of 
the  catalyst  depends  to  a  considerable  extent  upon  the  way  in  which  the 
catalyst  has  been  formed  and  on  the  nature  of  the  solvent  used.  For 
the  catalyst,  the  preparation  of  which  is  described  in  this  paper;  the  time 
necessary  varies  from  a  .few  seconds  to  15  or  20  minutes.  As  soon  as  it 
becomes  black  it  either  becomes  spongy  in  appearance  or  takes  on  a  finely 
divided  form  which  readily  remains  suspended  in  the  reaction  mixture. 
The  platinum  which  is  now  present  is  essentially  the  same  as  a  very  active 
platinum  black  made .  in  the  usual  way  and  is  similar  in  aU  its  prop- 
erties. In  many  cases  the  reduction  will  take  place  so  rapidly  that  the 
reaction  mixture  will  actually  become  hot,  but  the  speed  of  reduction 
depends  upon  the  nature  of  the  compound  which  is  being  studied.  When 
the  reduction  is  complete,  the  suspended  platintmi  can  be  made  to  settle 
merely  by  shaking  the  reaction  mixture  with  air  for  a  short  time,  after  which 
it  may  be  readily  filtered  off  or  the  solution  may  be  decanted.  After  an 
amount  of  catalyst  has  reduced  so  much  of  the  unsaturated  compound 
that  it  has  lost  the  greater  part  of  its  activity,  it  may  be  revivified  by 
shaking  a  short  time  with  air  just  as  is  customary  when  using  platinum 
black. 

It  is  obvious  that  the  oxide  of  platinum  prepared  as  described  is  not 
a  catalyst  in  itself,  but  is  converted  by  the  Itydrogen  into  the  lower  oxide 
which  presumably  is  the  active  catalyst.  In  the  study  of  the  various 
oxides  of  platinum  there  is,  therefore,  a  third  condition  which  must  be 
observed  in  the  preparation,  namely,  that  a.  product  is  formed  which  is 
readily  reduced  by  hydrogen  to  the  active  catalyst.  It  was  observed  that 
when  the  sodium  nitrate  and  chloroplatinic  acid  are  fused  at  a  tempera- 
tinre  of  700^  or  higher,  an  oxide  is  formed  which  catalyzes  the  reduction 
of  organic  substances  only  slowly;  moreover,  in  certain  instances,  from  1 
to  2  hours  is  required  before  the  brown  oxide  turns  black  and  becomes 
active  as  a  catalyst. 

The  oxides  of  palladium  and  iridium  are  formed  in  a  similar  manner  to 
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the  oxide  of  platinum,  and  an  investigation  of  these  products  as  catalysts 
which  has  shown  them  to  be  very  active,  is  now  being  continued. 

Experimental 

Preparation  of  the  Oxide  of  Platinum. — In  a  150  cc.  porcelain  casserole 
or  Pyrex  beaker,  is  prepared  a  solution  of  crystals  of  chloroplatinic  acid 
corresponding  to  1  g.  of  platinum  in  5  cc.  of  water.  To  this  is  added 
20  g.  of  sodium  nitrate.  The  mixture  is  heated  gently  over  a  Bunsen 
flame  and  stirred  with  a  glass  rod  while  the  water  is  expeUed.  The  mix- 
ture is  then  heated  until  complete  fusion  takes  place,  which  lequixes  a 
temperature  of  about  300°.  Brown  oxides  of  nitrogen  are  evolved  at 
about  320°  and  a  brownish  powder  precipitates  in  the  fusion  mixture. 
It  is  advisable  to  continue  the  stirring  during  the  fusion  in  order  to  pre- 
vent spattering  and  to  prevent  caking  of  the  precipitate  on  the  bottom 
of  the  casserole.  The  melt  is  kept  hot  until  the  copious  evolution  of 
nitrogen  oxides  has  almost  ceased,  a  process  which  requires  from  5  to  15 
minutes,  depending  upon  the  temperature  at  which  the  fusion  mixture  is 
held.  This  point  is  easily  observed,  however,  as  there  is  a  sudden  de- 
crease in  amount  ot  gases  given  o£P,'  although  the  brown  fumes  never 
cease  completely  even  after  the  precipitation  at  the  oxide  seems  to  be  com- 
plete. The  mass  is  now  allowed  to  cool  and  then,  treated  with  50  cc.  of 
water.  The  brown  precipitate  settles  to  the  bottom  and  can  be  washed 
by  decantation  once  or  twice  and  then  washed  on  a  filter  until  free  from 
nitrates  as  shown  by  the  absence  of  the  ferrous  sulfate  test  This  re- 
quires about  100  to  125  cc.  of  water.  Toward  the  end  of  the  washing  there 
may  be  traces  of  oxide  that  tend  to  be  carried  through.  It  is  desirable, 
therefore,  to  keep  the  filtrates.  The  filtration  and  washing  are  readily 
completed  in  15  to  20  minutes.  The  product  that  is  thus  obtained  may 
either  be  used  directly  or  may  be  dried  in  a  desiccator  and  kept  until 
needed. 

Discussion  of  Reaction. — In  stud3ring  the  best  conditions  under  which 
the  fusion  may  be  carried  out,  a  platinum  thermocouple  was  used  for  de- 
termining the  temperature  of  the  fusion  mixture.  It  was  observed  that 
the  higher  the  temperature  used  during  the  fusion,  the  more  complete 
was  the  precipitation  of  the  platinum.  On  the  other  hand,  the  product 
formed  is  not  as  active  a  catsUyst  as  that  produced  at  lower  temperatures. 
It  seems  advisable  to  use  a  temperature  about  450°  if  the  best  results  are 
to  be  obtained.  At  600°  and  700°  the  product  seems  to  be  slightiy  more 
yellow  in  color  and  causes  the  reduction  of  various  organic  compounds 
to  take  place  much  more  slowly.  It  is  quite  unnecessary,  however,  to 
record  the  temperature  in  the  preparation.  A  small  flame  just  sufficient 
to  cause  the  fusion  to  take  place  as  mentioned,  will  invariably  give  very 
satisfactory  results. 
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The  filtrate,  after  the  separation  of  the  catalyst  from  the  fusion  mixture, 
should  be  evaporated  to  dr3niess.  The  small  amount  of  platinum  which 
always  remains  may  then  be  precipitated  quantitatively  by  adding  a  few 
grams  of  sodium  carbonate  and  fusing  at  a  comparatively  high  tempera- 
ture. The  melt  is  then  cooled  and  the  platinum  recovered  by  washing 
free  from  the  salts. 

It  is  advisable  always  to  test  for  platinum  in  all  the  filtrates  before  dis- 
carding any  of  them  since  there  is  a  tendency  for  a  small  amount  of  the 
platinum  to  remain  in  solution.  A  very  satisfactory  and  delicate  test 
for  platinum,  described  by  Wohler,**  consists  in  making  the  .solution 
add  with  hydrochloric  acid  and  adding  a  few  drops  of  stannous  chloride. 
A  yellow  color  develops  when  platinum  is  present  and  a  brown  color 
when  it  is  in  large  amount.  If  any  doubt  exists  as  to  whether  the  solu- 
tion is  yellow,  it  should  be  shaken  with  a  small  amount  of  ether,  under 
which  conditions  the  yellow  color  concentrates  in  the  upper  layer,  thus 
indicating  the  presence  of  platinum. 

The  oxide  may  be  dried  rapidly  by  washing  several  times  with  alcohol. 
If  this  is  carried  out,  however,  care  must  be  taken  to  prevent  exposure  to 
the  air  since  spontaneous  combustion  will  take  place. 

If  organic  matter  is  present  in  the  chloroplatinic  acid  such  as  is  generally 
the  case  when  recovered  platinum  is  used,  it  will  be  oxidized  during  the 
fusion  and  seems  to  have  no  deleterious  effect. 

The  oxide  may  be  produced  by  using  a  much  smaller  proportion  of  sodium 
nitrate  to  chloroplatinic  add  than  that  suggested.  With  the  larger 
quantity,  however,  filtration  of  the  oxide  takes  place  more  readily  with 
practically  no  tendency  to  become  colloidal  and  pass  through  the  filter. 

There  always  remains  in  the  casserole  or  beaker  a  thin  film  of  oxide 
which  cannot  be  removed  by  the  ordinary  means.  This  is  dissolved  best 
by  treating  with  a  littie  constant-boiling  hydrobromic  acid,  which  im- 
mediatdy  dissolves  it.  The  solution  thus  obtained  may  then  be  added 
to  the  next  fusion  mixture. 

There  is  always  a  certain  amount  of  the  oxide  which  remains  sticking 
to  the  filter  paper  during  filtration,  so  that  these  papers  should  be  ignited 
and  the  residue  added  to  any  platinum  catalyst  which  has  already  become 
inactive  and  requires  redissolving  and  repredpitation. 

Apparatus. — Th^  general  form  of  apparatus  employed  in  the  reduction 
experiments  is  that  described  by  Skita"  and  modified  by  Lodite,  Noyes 
and  Bailey."  As  a  container  for  hydrogen  a  Prest-o-lite  tank  was  used 
from  which  the  filling  had  been  removed.  The  top  of  the  tank  contains 
two  openings.     In  one  of  these  is  welded  a  tube  holding  a  gage  and  valve; 

»»W6hkr,    Chem.  Ztg.,  31,  938   (1907). 

>«  Skita,  Ber.,  45,  3589  (1912). 

^  Locfate,  Noyes  and  Bailey,  Tms  Journal,  43,  2601  (1921). 
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through  this  tube  the  hydrogen  from  a  large  cylinder  is  introduced  into 
the  tank.  In  the  second  opening  is  welded  another  tube  with  two  out- 
lets, each  of  which  holds  a  needle  valve.  These  outlets  are  so  arranged 
that  it  is  possible  to  shut  off  the  tank  from  either  outlet.  One  is  used  for 
the  vacuum  and  the  second  for  a  tube  leading  to  the  reaction-mixture  bottle. 
The  Prest-o-lite  tank  is  so  calibrated  that  merely  by  reading  the  fall  in 
pressure  and  the  temperature,  the  amount  of  hydrogen  absorbed  by  the 
reaction  mixture  can  be  quite  closely  determined.  The  connection  be- 
tween the  Prest-o-Ute  tank  and  hydrogenating  bottle  may  be  a  copper 
tube  connected  to  a  heavy  taped  rubber  tube  which  is  in  turn  connected 
to  a  glass  tube  inserted  through  the  stopper  of  the  bottle.  The  rubber 
tube  and  stopper  should  be  high  grade  and  must  be  carefully  boiled  with 
alkali  before  being  used. 

Reduction  Experiments.— It  has  been  found  that  the  speed  of  re- 
duction of  various  organic  compounds  is  approximately  proportional 
to  the  amount  of  catalyst  used.  It  therefore  follows  that  in  the  experi- 
ments described,  the  speed  can  be  greatly  increased  by  using  more  cata- 
lyst. 

In  the  preparation  of  vanillyl  alcohol  from  vanillin,  several  amounts 
of  material  have  been  reduced  in  succession,  with  the  same  platinum. 
The  reduction  of  successive  amounts  of  the  other  substances  has  not  been 
attempted,  but  would  undoubtedly  take  place  just  as  satisfactorily. 

The  experiments  described  below  were  carried  out  under  an  initial 
pressure  of  hydrogen  of  2.75  atm.,  so  that  an  exact  comparison  can  be 
made  among  the  various  experiments. 

In  each  case,  the  reduction  of  about  95%  of  the  material  takes  place 
rapidly;  the  speed  of  reduction  then  slows  down.  The  reduction  of  the 
last  5%  often  requires  almost  as  much  time  as  is  necessary  for  the  re- 
duction of  the  first  95%  of  material. 

The  products  are  isolated  in  every  case  by  shaking  with  air,  in  order 
to  cause  the  platinum  to  settle,  filtering  or  decanting  the  solution.  The 
product  may  then  be  either  distilled  in  vacuo  or  crystallized,  according 
to  its  physical  properties. 

Vanillin  to  VaniQyl  Alcohol.— A  solution  is  made  of  20  g.  of  vanillin  in  100  cc  of 
alcohol  and  0.5  g.  of  catalyst  is  added.  The  reduction  is  complete  in  about  50  minutes 
after  which  the  reaction  mixture  is  shaken  with  air,  the  solution  decanted  and  a  second 
20  g.  of  vanillin  in  100  cc.  of  alcohol  added.  The  second  reduction  requires  about  110 
minutes,  a  third  of  a  similar  nature,  125  minutes,  and  a  fourth  about  120  minutes. 

Ettiylmethyl  Ketone  to  sec.  Butyl  Alcohol.— Eighty  g.  of  ethylmethyl  ketone  is 
treated  with  0.5  g.  of  catalyst.  The  reduction  is  complete  in  about  4  hours  and  prac- 
tically a  quantitative  yield  of  product  may  be  isolated. 

Phenol  to  Cydohezanol. — A  solution  is  made  of  62  g.  of  phenol  in  50  cc.  of  alcohol 
and  0.65  g.  of  catalyst  is  added.  The  time  necessary  for  complete  reduction  is  6.5  hours 
and  a  yield  of  54  g.  of  pure  cydohexanol  is  obtained.  A  trace  of  b<s92ene  can  be  detected 
by  its  odor. 
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SaH^l  Aldehyde  to  SaQgenin. — A  solution  is  made  of  30  g.  of  salicyl  aldehyde  in 
60  cc.  of  alcohol  and  0.25  g.  of  catalyst  is  added.  The  reduction  is  complete  in  about  75 
minutes  and  practically  a  quantitative  yield  is  obtained. 

Nicotinic  Acid  Hydrochloride  to  Nipocotinic  Acid  Hydrochloride. — A  solution 
is  made  of  10  g.  of  nicotinic  add  hydrochloride  in  150  cc.  of  water  and  1.0  g.  of  catalyst 
is  added.  The  reduction  is  complete  in  about  2  hours.  The  product  may  be  isolated 
by  vacuum  evaporation  of  the  solution. 

Summary 

1.  Since  experiments  indicate  that  the  oxygen  which  must  always 
be  present  in  platiniun  black  if  it  is  to  be  an  active  catalyst,  is  present  in 
the  form  of  an  oxide  of  platinum,  it  was  concluded  that  the  oxides  of  plati- 
num should  be  excellent  catalysts.    These  are  being  studied. 

2.  An  oxide  of  platintun  has  been  formed  by  the  fusion  of  chloroplatinic 
acid  with  sodium  nitrate  and  has  proved  to  be  an  excellent  catalyst. 

3.  Various  types  of  organic  compotmds  such  as  phenols,  pjrridine  de- 
rivatives, aromatic  and  aliphatic  aldehydes  and  heterocyclic  compounds 
have  been  reduced.  The  speed  of  reduction  with  this  catalyst  is  greater 
than  when  ordinary  platintun  black  is  used. 

Urbana,  Iu;inois  

NOTE 

Vanillin  Glyceride. — The  attention  of  the  writer  was  recently  called 
to  a  deposit  which  had  formed  in  a  flavoring  mixtiu^  consisting  essentially 
of  alcohol,  glycerin,  and  vanillin.  The  precipitate  was  easily  purified 
by  filtration  and  washing  with  water  and,  thus  isolated,  was  a  white, 
almost  odorless,  micro-crystalline  powder,  slightly  soluble  in  water  and 
ether.  It  was  moderately  soluble  in  cold  alcohol,  easily  on  heating, 
separating  from  solution  on  cooling  in  distinct  aystalline  plates.  It  was 
also  easily  soluble  in  0.5  A^  potassiiun  hydroxide  solution,  without,  how- 
ever, showing  any  definite  neutralization,  and  was  precipitated  in  crystals 
on  the  addition  of  acid,  behaving  thus  like  a  phenol. 

On  warming  the  crystals  with  water,  they  dissolved  slowly  and  the  odor 
of  vanillin  became  apparent.  After  a  few  hoiu^'  heating,  vanillin  alone 
crystallized  from  the  cooled  solution,  and  in  the  mother  Uquor  glycerin 
was  fotmd  by  the  usual  tests.  The  hydrolysis  was  greatly  hastened  by 
acid  catalysts,  and  an  approximate  analysis  of  the  compotmd  was  made  as 
follows. 

2.0796  g.  of  substance  was  mixed  with  20  cc.  of  warm  water,  and  1  cc.  of  0.5  N 
hydrochloric  add  added.  The  crystals  dissolved  immediately,  and  vanillin  separated. 
To  insure  a  complete  hydrolysis,  the  mixture  was  heated  for  1  hour  at  90-100^.  On 
cooling,  the  solution  was  extracted  4  times  with  ether,  in  lOcc.  portions.  The  ether 
extract,  evaporated  to  constant  weight  at  50®,  was  nearly  pure  vanillin;  the  aqueous 
solution  similarly  evaporated  left  a  residue  of  slightly  discolored  glycerin. 
Cafc.  for  vanilliiKd  mol.)  67.25%.  Found:  1.405  g.,  or  67. a%, 
Calc.  for  glycerin:  (1  mol.)  40.71%.    Found:  0.818  g..  or  39.3%. 
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The  substance  is  evidently  the  result  of  a  combination  of  vanillin  and 
glycerin  in  molecular  proportions,  with  elimination  of  one  molecule  of 
water,  and  has  probably  one  of  the  following  two  structural  formulas. 

HOv  yO-CH,v  HOv  yO-CH,v 

>C«H,CH<  >CHOH.  >C«H,CH<  >CHOH 

It  would  thus  be  analogous  to  the  acetals  and  glucosides  and,  in  fact, 
a  quite  similar  compound  from  benzaldehyde  and  glycerin  has  been  de- 
scribed by  Fischer.^  The  free  phenol  group  accounts  for  the  acidic  nature 
and,  at  the  same  time,  the  absence  of  a  free  aldehyde  group  explains  why 
the  acid  properties  are  less  marked  than  in  the  case  of  vanillin. 

Experiments  on  the  preparation  of  the  compound  from  its  constituents 
showed  that  the  reaction  between  vanillin  and  glycerin  was  much  ac- 
celerated by  the  presence  of  mineral  acid,  but  the  latter  was  a  very  dis- 
turbing factor  dimng  the  isolation  of  the  product.  Working  in  the  cold 
and  as  rapidly  as  possible,  it  was  found  impossible  to  free  the  crystals 
from  mother  liquor  before  a  very  considerable  hydrolysis  had  occurred, 
and  any  trace  of  add  left  in  the  preparation  caused  its  complete  decompo- 
sition in  a  short  time.  To  secure  a  stable  product,  it  was  found  advisable 
to  dissolve  the  crude  crystals  in  a  ^ght  excess  of  0.5  N  alkali,  and  re- 
precipitate  by  somewhat  less  than  the  equivalent  amount  of  add,  thus 
leaving  the  mother  liquor  slightly  alkaline.  After  washing  free  from  al- 
kali, the  crystals  thus  obtained  appear  to  be  permanent.  Where  time  is 
no  object,  the  preparation  without  add  is  perhaps  simpler. 

For  example,  a  mixture  of  5  g.  of  vanillin,  25  g.  of  glycerin,  15  g.  of  alcohol, 
and  2  g.  of  30%  hydrochloric  add  was  allowed  to  stand  at  ordinary  tem- 
perature. After  3  days  the  formation  of  oystals  was  noticed.  After 
10  days  the  crystals  were  filtered,  washed  with  cold  water,  and  dried  in 
a  desiccator.  Five  da3rs  later  the  preparation,  amounting  to  2.45  g., 
was  found  to  be  entirdy  decomposed  into  vanillin  and  glycerin. 

A  similar  mixture  with  1 . 5  g.  of  90%  sulfuric  add  in  place  of  the  hydro- 
chloric add  yidded  after  3  weeks  2.95  g.,  or  59%  of  the  vanillin  used, 
which -after  careful  purification  as  described  proved  to  be  stable.  The 
same  mixture  without  any  acid  yielded  after  11  weeks  1 .83  g.,  or  36.6%. 

Vanillin  glyceride  mdts,  not  very  sharply,  at  160-162**.  On  adding 
a  little  add  to  a  dilute  (about  0.2  AO  alkaline  solution,  it  crystallizes 
slowly  in  distinct  plates  which,  under  the  microscope,  in  convergent 
polarized  light,  show  an  orthorhombic  interference  figure.  Axial  ang^e, 
2E  =  90-100°.    Birefringence,  positive:   dispersion,  r<v. 

When  the  crystals  are  touched  with  a  drop  of  dil.  hydrochloric  add  they 
quickly  disappear  and  on  standing,  or  on  slow  evaporation,  the  character- 
istic monoclinic  needles  of  vanillin  are  observed. 
»  Fischer,  Ber..  27,  1636  (1894). 
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The  writer  hopes  to  be  able  to  report  later  on  the  reaction  of  glycerin 
with  other  aromatic  aldehydes. 

Contribution  from  thb  Laboratory  op  Francis  D.  Dodgs 

THS  DODGS  AND  OlCOTT  COMPANY 

Broobxyn,  Nbw  York 

ReceiYed  February  15, 1022 

The  Carbohydrate  Content  of  Navy  Beans.^ — ^In  a  recent  paper, 
Peterson  and  Churchill*  have  reported  upon  the  carbohydrate  content  of 
the  navy  bean  {Phaseolus  vulgaris).  Closely  similar  figures  were  obtained 
in  work  done  by  the  writer  several  years  ago. 

The  methods  used  in  the  two  investigations  were  much  the  same — in- 
cluding separation  of  the  carbohydrates  by  successive  alcohol  and  cold 
water  extraction,  and  enzyme  digestion.  Thus,  closely  agreeing  figures 
were  obtained  in  the  two  pieces  of  work  for  total  sugars,  dextrins,  starch, 
pentosans  and  crude  fibre. 

Among  the  difiFerences,  in  methods  and  results,  it  should  be  stated  that 
Peterson  and  Churchill  determined  pentosans  in  several  different  fractions, 
the  writer  only  on  the  whole  bean.  It  is  possible  therefore  that  the  figures 
in  the  later  method  for  dextrin  and  starch  really  include  a  small  amount 
of  pentosans. 

In  the  method  under  discussion  the  carbohydrate  obtained  by  enzyme 
hydroljTsis  was  subtracted  from  the  carbohydrate  obtained  by  add  hy- 
drolysis of  the  residue — ^from  the  cold  water  extraction  and  the  result 
called  "insoluble  hemicellulose,"  giving  a  figure  considerably  higher  than 
that  obtained  by  the  Wisconsin  Investigators  by  boiling  their  malt  ex- 
tract residue  with  1%  hydrochloric  acid.  Unlike  the  other  woricers  the 
writer  was  never  able  to  obtain  mudc  add  when  attempting  to  determine 
galactans.  It  was  not  known  whether  this  failure  was  due  to  the  ab- 
sence of  galactans  or  to  the  method  used. 

A  table  comparing  most  of  Peterson  and  Churchill's  results  with  those 
of  the  writer  is  given  below. 

It  was  noted  with  interest  that  some  of  the  difficulties  encountered  in 
manipulation  were  much  the  same.  This  was  espedally  true  with  refer- 
ence to  fineness  of  grinding,  filtering,  time  and  completeness  of  digestion. 
In  the  present  work  it  was  found  that  bean  flour  passing  a  100-mesh  sieve 
gave  more  satisfactory  results  than  flour  passing  a  larger  mesh  sieve. 
The  fat,  for  instance,  was  more  easily  and  completely  extracted  with  the 
fine  flour  than  with  the  coarse  flour.  This  complete  extraction  of  the 
fat  decreased  the  difficulties  encountered  in  filtering  the  later  extracts. 

>  The  work  reported  in  this  artide  was  canducted  at  the  Nutritioii  Laboratofy, 
Department  of  Home  Economics,  University  of  Chicago.  It  formed  part  of  a  thesis 
submitted  in  partial  fulfihnent  of  the  requirements  for  the  degree  of  Master  of  Science 
in  the  University  of  Chicago,  June,  1919. 

'  Peterson  and  Churchill,  Tms  Journal,  43,  1180  (1921). 
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Composition  of  navy  beans  (Phaseolus  vulgaris) 

Petenoo  and  ChurcliiU  Eichelbcrger 

Moisture 12.96  10.08 

Ash 3.88  3.43 

Ether  extract 1.83  2.36 

Protein  (N  X  6.26) 18.42  22.69 

Alcohol  soluble  carbohydrate  as  dextrose 

(total  sugar) 1 .  59  2.61 

Dcxtrins 3.71  3.23 

Starch 35.20  35.22 

Insoluble  hemicelluloses,  by  difference 8 .  90 

HemiceUuloses (.83)* 

Pentosans 8.37  (8.08)* 

Galactans 1.33  

Crude  fibre 3.94  3.62 

Organic  adds,  waxes,  etc.,  by  difference ...  8 .  77  7 .  86 

100.00  100.00 

*  Not  included  in  summation,  since  it  is  included  with  the  item  above. 

Here,  as  in  Peterson's  work,  the  blue  coloration  with  iodine  during 
enzyme  digestion  disappeared  very  slowly.  However,  the  author  found 
that  after  17  hours'  digestion  with  commercial  pancreatin,  under  a  layer 
of  toluol,  the  coloration  completely  disappeared  and  constant  results  for 
enzyme  digestion  were  obtained. 

In  conclusion,  I  wish  to  express  my  sincere  thanks  to  Dr.  Katherine 
Blunt,  of  the  University  of  Chicago,  for  her  personal  interest  and  careful 
supervision  of  this  work. 

Contribution  from  ths  Homb  Economics  Maribtta  Eichslbbrgbr 

Dbpartmbnt  of  ths  Cou^bgb  of  Agricultdrb, 

UNIYSRSlTy  OF  KSNTUCKY, 

Lsxington,  Kbntucky 

Received  March  20.  1922 
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An  Introduction  to  the  Analytical  Chemistry  of  the  Rarer  Elements.  By  louis  J. 
CuRTMAN,  Assistant  Professor  of  Chemistry,  Chief  of  the  Divisioii  of  Qualitative 
Analysis,  College  of  the  City  of  New  York.  Privately  printed.  New  York,  1021. 
64  pp.    21  X  14.5  cm.    Price  $1.25. 

This  small  book>  according  to  the  preface,  ''is  designed  to  lay  a  sound 
foundation  for  the  analytical  study  of  the  rarer  elements"  and  the  author 
has  made  a  careful  selection  of  experiments  to  accomplish  this  result. 
It  is  a  source  of  satisfaction  to  know  that  "every  experiment  was  personally 
performed  by  the  author."  It  is  undoubtedly  of  advantage  to  have  all 
reagents  and  test  solutions  of  known  strength,  although  in  practice  with 
natural  and  industrial  products  the  problem  may  not  be  so  conveniently 
arranged  for  us. 
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The  reviewer  has  long  been  convinced  of  the  importance  of  this  group 
of  elements  and  has  for  many  years  advocated  its  more  careful  study; 
therefore  to  his  mind  such  books  as  the  above  are  highly  commendable. 

No  one  can  fail  to  profit  by  the  use  of  the  material  in  this  brief  treatise, 
but  a  previous  study  of  the  mineral  sources  and  the  extraction  therefrom, 
together  with  an  elementary  study  of  the  absorption  spectra  of  the  rare 
earth  group  would  add  much  to  the  value  of  the  work  described. 

Pnnjp  E.  Browning 

Laboratory  Manual  of  Organic  Chemistry.  By  Harrt  L.  Pishbr,  formerly  Instructor 
in  Organic  Chemistry,  Columbia  University;  in  charge  of  Research  Division,  the 
B.  P.  Goodrich  Co.  John  Wiley  and  Sons,  New  York,  N.  Y.  x  +  331  pp.  21 
figures.     14.5  X  22  cm. 

**This  book  is  the  outgrowth  of  almost  ten  years  of  intensive  laboratory 
teaching.  Practically  all  of  the  laboratory  experiments,  in  mimeograph 
form,  have  been  in  the  hands  of  three  different  classes  of  students,  day, 
night,  and  stunmer,  each  year  for  over  five  years,  and  during  this  {ime  have 
been  repeatedly  corrected."  This  introductory  statement  shows  how 
this  laboratory  manual  comes  to  be  so  remarkable  in  many  wa3rs.  It 
is  all  that  other  manuals  of  its  kind  are  and,  in  addition,  it  contains  many 
new  and  valuable  features.  Besides  many  of  the  more  usual  experiments, 
it  contains  the  following:  G'rignard  reaction,  acetals,  /-menthone  and  its 
oxime,  lecithin  from  egg  yolk,  ethyl  isocyanate,  glycocoU  from  hippuric 
acid,  mucic  acid  from  lactose,  hydrodnnamic  acid,  permanganate  oxida- 
tion, limonene  dihydrochloride,  camphor  from  pinene,  and  anthraquinone. 
Much  emphasis  is  put  on  the  proper  handling  and  setting  up  of  apparatus. 
The  many  dear  figures  help  to  impress  on  the  student  this  important 
phase  of  organic  work.  The  questions  at  the  ends  of  the  chapters  are 
varied  from  the  "obvious"  things  which  are  missed  by  the  poorer  students 
to  matters  which  will  call  for  considerable  thought  from  even  the  best 
students.  Throughout,  the  book  is  aimed  at  all  t3rpes  of  students.  Its 
directions  are  minute,  almost  painfully  so  at  times,  and  of  such  a  nature 
that  the  poorest  student  can  follow  them  and  get  results.  At  the  same  time 
the  text  is  interspersed  with  many  references  to  the  original  literature 
which  cannot  but  be  inspiring  to  the  better  students  who  have  the  time 
and  ability  to  use  them.  It  may  be  mentioned  that  many  of  these  refer- 
ences are  from  the  latest  journals.  Such,  for  instance,  are  those  on  re- 
moving "frozen"  stopcocks,  and  on  preparing  ethylene  for  mustard  gas. 
The  second  part  of  the  book  contains  over  100  pages  on  organic  combus- 
tions. Here  the  directions  are  the  most  minute  and  detailed  to  be  found 
anywhere  except  in  the  larger  reference  books.  On  first  reading,  these 
directions  give  a  wrong  impression  of  the  methods.  The  apparatus  for 
the  determination  of  nitrogen,  illustrated  on  p.  276,  really  works  very 
simply  when  the  directions  have  been  mastered  by  carrying  out  the  process 
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once  or  twice.  The  chief  criticism  which  can  be  made  against  this  un- 
usual manual  is  that  most  of  the  processes  used  are  not  the  simplest 
possible.  However,  almost  all  of  the  complications  introduced,  are  of 
considerable  educational  value.  Their  introduction  would  be  of  dis- 
advantage only  in  courses  where  quality  must  be  sacrificed  for  the  sake  of 
speed. 

Frank  C.  Whxtmoeb 

Lunge-Beil.  Chemisch-technische  IJntersuchungsmethoden.  Edited  by  Ing.-Chem. 
Dr.  Ernst  B^RI*,  Professor  of  Technical  Chemistry  and  Electrochemistry  at  the 
Technischen  Hochschule,  Darmstadt.  Julius  Springer*  Berlin,  1921.  Vol.  I, 
Seventh  Edition,  xxadi  -|-  1099  pp.   291  fig.     15.5  X  23.5  cm.    Price  M  294. 

This  is  the  first  volume  of  a  new  edition  of  Lunge  completely  revised 
and  enlarged.  The  preface  states  that  1915  had  been  set  for  its  appearance, 
but  that  the  World  War  interfered.  The  plan  of  the  book  is  the  same  as 
in  the  earlier  editions,  that  is,  the  various  chapters  are  written  by  experts 
in  the  several  fields. 

The  following  headings  from  the  table  of  contents  show  the  scope  of  the 
present  volume.  Sampling,  General  Operations  of  the  Laboratory, 
Volumetric  Analysis,  Analysis  by  Electrical  Conductivity  Measurement, 
Gas  Analysis,  Hydrometry,  Manometers  and  Anemometers,  Heat  Measure- 
ment, Colorimetry,  Calculation  of  Analysis,  Technical  Gas  Analysis, 
Microchemical  Analysis,  and  Electrolytic  Analysis.  The  discussion  of 
the  above  list  of  topics  covers  over  400  pages  and  constitutes  an  admirable 
presentation  of  the  general  points  of  technical  analysis. 

The  list  of  special  methods  includes  those  used  in  the  examination  of 
soUd  and  liquid  fuels,  water  both  for  drinking  and  industrial  purposes 
and  the  raw  materials,  by-products  and  finished  products  of  the  manu- 
facture of  sulfurous,  sulfuric,  nitric,  hydrochloric  and  hydrofluoric  adds. 
The  chlorine  and  soda  industries  are  treated  in  the  same  way.  Potash 
salts  and  liquefied  and  compressed  gases  have  chapters  and  an  appendix 
deals  with  methods  of  analyzing  bromine,  saltpeter  and  potash  products. 

The  text  contains  numerous  illustrations  and  there  is  a  portrait  of 
Ltmge  as  a  frontispiece.  Literature  references,  including  even  a  few 
American  ones,  are  copious.  Numerous  tables  of  data  useful  in  the  cal- 
culation of  analytical  results  accompany  the  book  in  a  separate  packet. 
These  tables  are  printed  on  one  side  only  to  permit  mounting  for  easy 
reference  in  the  laboratory. 

The  reviewer  can  commend  the  work  most  heartily  to  those  who  either 
as  teachers  or  as  commercial  chemists  need  to  have  at  hand  a  comprehen- 
sive book  on  technical  analysis. 

C.  W.  FOULK 
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